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ABSTRACT

This report summarizes analyses on the ncn-operating

reliability of missile materiel. Long term non-operating

data has been analyzed together with accelerated storage
life test data. Reliability prediction models have been
developed for various classes of devices. I
This report is a result of a program whose objective is
the development of non-operating (storage) reliability pre-
diction and assurance techniques for missile materiel. The
analysis results will be used by U. S. Army personnel and |
contractors in evaluating current missile programs and in
the design of future missile systems.
The storage reliability research program consists of
a country wide datua survey and collection effort, accelerated
testing, special test programs and development of a non-
operating reliability data bank at the U. S. Army Missile
Command, Redstone Arsenal, Alabama. The Army plans a con-
tinuing effort to maintain the data bank and analysis reports.
For more information, contact:
Commander
U. S. Army Missile Command
ATTN: DRSMI-QSD, Mr. C. R. Provence
Building 4500
Redstone Arsenal, AL 35809
Autovon 746-3235
or (205) 876-3235
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1.0 INTRODUCTION

1.1 Missile Reliability Considerations
Materiel in the Army inventory must withstand long
periods of storage and "launch ready" non-activated or dor-

mant time as well as perform operationally in severe launch
and flight environments. In addition to the stress of tem-

perature soaks and aging, they must often endure the abuse of

‘ frequ~2nt transportation and handling and the climatic extremes
of the forward area battlefield environment.

Missiles spend the majority of the time in this non-
operating environment. In newer missile systems, complexity

is increasing significanily, longer service lives are heing

required, and periodic maintenance and checkouts are being
reduced. The combination of these factors places great im-
portance on selecting missile materiels which are capable of
verforming reliably in each of the environments.

The inclusion of storage reliability requirements in
the initial svitem specifications has also placed an impor-
tance on meintaining non-operating reliability prediction
data for evaluating the design and mechanization of rnew systems.

1.2 Storage Reliability Research Program

An extensive effort is being conducted by the U. S. Army
Missile Command to provide detailed analyses o7 missile
materiel and to generate reliability prediction data. A
missile material reliebility parts count prediction handbook,
LC—76—1, has been developed and provides the current pre-
diction data resulting from this effort.

This report provides a summary of the analyses per-
formed under the storage reliability research program and
background information for the predictions in IC-76-1.
Included are sunmaries of real time and test data, failure
modes and mechanisms, and conclusions and recommendations
resulting from analysis of the data. These recommendations
include special design, packaging and product assurance data

and information on specific part types and part construction.
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For a number of the parc types, detailed analysis
reports are also available. These reports present details
on part construction, failure modes and mechanisms, parameter
drift and aging trends, applications, and other considerations
for the selection of materiel and reliability prediction of
missile system..

The U. S. Army Missile Command also maintains a Storage
Reliability Data Bank. This data bank consists of a com-
puterized data base with agsnevic part storage reliability data
and a storage reliability report library containing available
research and test reports of non-operating reliability re-
search efforts.

For the operational dataz contained in this report, the
user should refer to the following sources: MIL-HDBK-217B,
Military Standardization Handbook, Reliability Prediction of
Electronic Equipment; Reliability Analysis Center (RAC) Micro-
circuit Generic Failure Rates; RADC~-TR-69-458, Revision to
the Nonelectronic Reliabiiity Handbook; and the Government-
Industry'Data Exchange Program (GIDEP) Summaries of Failure
Rate Data.

1.3 Missile Environments

A missile system may be subjected to various modes of
transportation and handling, temperature soaks, climatic
extremes, and activated test time and "launch ready" time
in addition to'a controlled storage environment. Some studies

have been performed on missile systems to measure these en-
vironments. A summary of several studies is presented in
Report BR-7811, "The Environmental Conditions Experienced by
Rockets and Missiles in Storage, Transit and Operations"
prepared by the Raytheon Company, dated December 1973.

In this report, skin temperatures of missiles in con-
tainers were recorded in dump (or open) storage at a maxi-
mum of 165°F (74°C) and a minimum of -44°F (-42°C). 1In non-
earth covered bunkers temperatures have been measured at a
maximum of 116°F (47°C) to a minimum of -31°F (-35°C). 1In
earth covered bunkers, temperatures have been measured at
a maximum of 103°F (39°C) to a minimum of 23°F (-5°C).
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Acceleration extremes during transportation have been
measured for track, rail, aircraft and ship transportation.
Up to 7 G's at 300 hectz have been measured on trucks; 1 G
| at 300 hertz by rail; 7 G's at 1100 hertz on aircraft; and '

1l G at 70 hertz on shipboard.

Maximum shock stresces for truck transportation have

been measured at 10 G's and by rail at 300 G's.

8 Although field data dues not record these levels, where
available, the type and approximate character of storaqe and
transportation are identified and used to classify the devices.
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1.4 System Level Analysis

The primary effort in the Storage Reliability Research
Program is on analysis of the non-operating characteristics
of parts. In the data collection effort, however, some data
has been made available cn system characteristics.

This data indicates that a reliability prediction for
the system based on part level data will not accurately pro-
ject maintenance actions if the missile is checked and main-
tained periodically. Factors contributing to this disparity
include test equipment reliability, design problems, and
general handling problems. In many cases, these problems are
assigned to the system and not reflected in the part level

analysis.

In general, a factor of 2 should he multiplied by the
device failure rate to obtain the maintenance rate. Three
system examples are described below:

: 1.4.1 System A

For system A, a check of 874 missiles in the field in-
dicates 142 failed missiles. These failed missiles were taken
to a maintenance facility. At the maintenance facility, no
fault could be found in 51 of the missiles. Two missiles
faults were corrected by adjustments. This left 89 failures
which could be attributed to part failure. The parts were
failure analyzed and the analysis indicated 19 failures to

be a result of electrical overstress. These failures were

designated design problems.
Therefore only 70 (49%) of the original 142 failures ]

were designated as non-operating part failures.
1.4.2 gystem B

For syste~. B, 26 missile failures were analyzed. Of
these no fault was found in 2 missiles; adjustments were re-
quired for 2; external electrical overstress or handling
damage was found in 10; a circuit design problem was assigned
to 1, and component failuics were assigned to 11.
1.4.3 Gyro Assemblies

An analysis of gyro assembly returns indicated that two

thirds of the returns were attributed to design defects,

.'|
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mishandling, conditions outside design requirements, and to
erroneous attribution of system problems.

Therefore, only 33 percent of the returns were designated
as non-operating part failures.
1.5 Limitations of Reliability Prediction

Practical limitations are placed in any reliability

analysis effort in gathering and analyzing data. Field

data is generated at various levels of detail and reported in
varying manners. Often data on environments, applications,
part classes and part _-onstruction are not available. Even
more often, failure analyses are non-existant. Data on low
use devices and new technology devices is also difficult to

obtain. Finally in the storage environment, the very low

occurrence of failures in many devices requires extensive
storage time to generate any meaningful statistics.

These difficulties lead to prediction of conservative or
pessimistic failure rates. The user may review the existing m
data in the backup analyses reports in any case where design
or program decision is necessary.

1.6 Life Cycle Reliability Prediction Modeling

Developing missile reliability predictions requires

several tasks.. The first tasks include defining the systen,

its mission, environments and life cycle operation or de-
ployment scenario.

The system and mission definitions provide the basis
for constructing reliability success models. The modeling

can incorporate reliability block diagrams, truth tables

and logic diagrams. Descriptions of these methods are not
included here but can be studied in detail in MIL-HDBK-217B
or other texts listed in the bibliography.

After the reliability success modeling is completed,
reliability life cycle prediction modeling for each block
or unit in the success model is performed based on the defi-
nitions of the system environment and deployment scenario.
This reliability life cycle modeling is based on a "wooden

1-5
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round” concept in order to assess the missile's capability
of performing in a no-maintenance environment. The gecneral

equation for this modeling is:

Rue = Rru * Rstor * Frest * RLr/p * RLr/o x Ry x Ry
where:
RLC is the unit's life cycle reliability
RT/H is the unit's reliability during handling and
transportation
RSTOR is the reliability during storage

Ropsy is the unit's reliabilify during check out and
test

RLR/D is the unit's reliability during dormant launch

ready time

is the unit's reliability during operational

(>10% electronic stress) launch ready time

R, is the unit's reliability during powered launch
~and flight

RF is the unit's reliability during unpowered flight

Ryr/0

The extent of the data to date does not provide a cap-
ability of separately estimating the reliability of trans-
portation and storage for missile materiel. Also data has
indicated no difference between dormant (>0 and <10% electri-
cal stress) and non-operating time. Therafore, the general

equation can be simplified as follows:

Rpclt) = Ry (tyy) x Ryltg) x Ry () x RF(TF.)

where: RNO is the unit's reliability during transportation
and handling, storage and dormant time (non-
operating time)

t is the sum of all non-operating and dormant time

NO

R is the unit's reliability during checkout, test
or system exercise during which components have
electrical power applied (operating).




t
o)

is the sum of al)l operating time excluding launch
and flight

is the unit's reliability during powered launch .
and flight (Propulsion System Active)

is the powered launch and flight time
is the unit's reliability during unpowered flight
is the unpowered flight time '

LN N

is the sum of tNO' to, t. and tF

L

The values RNO' RO' RF are calculated using several

methods. "he primary method is to assume exponential distri-

butions as follows:

| Ryo(tno) = e *notNo
' R (t)) = e 2oto
i R (t) = e Lty

R (L) = e 2rtr

and AF are calculated from

A
NO
the non-operating failure rate models. The remaining failure

The failure rates XNO’ Ao, AL

] the models in the following sections. is calculated from
rates are calculated from the operational failure rate models

using the appropriate environmental adjustment factors. Each
prediction model is based on part stress factors which may in-

clude part quality, complexity, construction, derating, and other
characteristics of the device.

Other methods for calculating the reliability include
wearout or aging reliability models and cyclic or one shot

reliability models. For each of these cases, the device sec-
tion will specify the ‘method for calculating the reliability.




1.7 Reliability Predictions During Early Design

Frequently during early design phases, reliability pre-
dictions are required with an insufficient system definition
to utilize the stress level failure rate models. Therefore,
a "parts count" prediction technique has been prepared. It
provides average base failure rates for various part types
and provides K factors for various phases of the system de-
ployment scenario to generate a first estimate of system re-
liability. This prediction is presented in Report LC-76-1.
1.8 Summary of Report Contents

The report is divided into five volumes which break out
major component or part classifications: Volume I, Electrical
and Electronic Devices; Volume II, Electromechanical Devices;
Volume III, Hydraulic and Pneumatic Devices; Volume IV,
Ordnance Devices; and Volume V, Optical and Electro oJptical
Devices. Table 1-1 provides a listing of the major part types

included in each volume.



TABLE 1-1, REPORT CONTENTS

Volune I Electrical and Electronic Devices
Section

ticroelectronic Devices
Discrete Semiconductor Devices
Electronic Vacuum Tubes

2.0

3.0

£.0

5.0 Resistors

6.0 Capacitors

7.0 Inductive Devices

8.0 Crystals

9.0 Batteries
10.0 Connectors and Connections
11.0 Printed Wiring Boards

Volume XII Electromechanical Devices

Section

2.0 Gyros

3.0 Accelerometers

4.0 Switches

5.0 Relays

6.0 Transducers

7.0 Hi Speed Motors

8.0 Synchros and Resolvers

Volume IIX Hydraulic and Pneumatic Devices

Section

Y ————

2.0 Valves

3.0 Accumulators

4.0 Actuators

5.0 Pumps

6.0 Cylinders

7.0 Compressors -”,
8.0 'Filters

9.0 Gaskets and Seals
10.0 Bearings
11.0 Regulators

Volume IV Ordnance Devices
Section

2.0 Solid Propellant Motors
Igniters and Safe and Arm Devices
Solid Propellant Gas Generators

3.0
4.0
5.0 Misc. Ordnance Devices
Vv

Optical and Electro 0j..ical Devices

1-9
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2.0 VALVES

Valves are classified by actuating device: solenoid,
hydraulic, pneumatic, or motor operated valves,

A solenoid valve is a combination of two basic functional
units: a solenoid (electromagnet) with its plunger, and a
valve containing an orifice in which a disc or plug is posi-
tioned to stop or allow flow of gas or fluid. Solenoid
valves may be direct acting, internal pilot operated, ex-
ternal pilot operating, or a latching type valve which requires
either manual or electrical resettirg.

Basic hydraulic valve types for missile applications are:
bleeder, check, control, relief, servovalve, and shutoff.

Bleeder valves allow manual draining of hydraulic lines
or components.

Check valves allow flow in one direction and, if the
system pressure reverses, close quickly to stop flow in the
opposite direction. Check valves are self-contained devices,
requiring no external actuation signals or sources of power.
The valving elements are activated by the pressure forces
of the flow media. The types of check valves include the
poppet, swing, and flapper.

Relief valves automatically discharge fluid to relieve
pressure. They are generally used in applications with non-
compressible fluids such as water, oil, etc. Immediate
full-flow ¢izcharge is not needed since a small flow reduces
the pressure.

An electrohydraulic servovalve is controlled electrically
by a magnetic coil, which, in the majority of designs, posi-
tions a sliding flow-control spool either directly or in-
directly in response to a remote electric signal. The name
"servovalve" results from its primary use as the fluid-control
element in hydraulic servo systems.

Shutoff valves are used as lock valves in many hydraulic
systems. Lock or shutoff valves may be installed in sub-
systems to hydraulically lock the actuating cylinders where

the unit must remain closed through extreme changes in tem-

perature.
2-1
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Pnecumatic valves are like hydraulic valves except
they are operated by air, gases or by the pressure or ex-
haustion »f air.

Motor operated valves are similar to hydraulic valves.
Their classification comes from the actuating element. Motor
operated valves fo. missile design selection are classified
as sequence valves, freon valves or fuel control valves.

2.1 Storage Reliability Analysis

2,1.1 Failure Mechanisms
The principal failure modes, the part affected, and

the mechanism resulting in that mode of failure are pre-
sented in Table 2.1-1. The relat ve ranking, in accordance
to the frequency of the mode, detection methods and techniques
to minimize the effects are also listed.
2.1.2 Non-Operating Failure Rate Data

Over 2.4 billion hours of storage data are included with-

in this report. The data is summarized and categorized by

specific component type as shown in Table 2.1-2.

The data, only reflected the number of failures or
part hours. Rarely did collected data contain failure modes
or mechanisws. However, users' surveys show that the princi-
pal storage failure modes and mechanisms include: leakage
(internal and external), failure to open or close due to
contamination.

The quality control levels are not well defined for any
of the valve data. The basic information used to calculate

Table 2.1-2 reflects the average failure rates for valves

over the quality grade spectrum specified for valves. Each
valve failure rate is expressed in failures per bpillion
part-hours (failures/log) of field experience.
2.1.3 Calculation of Failure Rates

The data collection effort includes all available data

existing in a usable format for missile valves. The data
tables show the number of failures and the part hours for
each part type which was in a same environment. From this

a failure rate was calculated. The data was combined first

2-2
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TABLE 2.1-2. OVERALL STORAGE FAILURE RATE RESULTS
(r x 1077)
TYPE STORAGE FAILURE RATE
( x 107°)
Solenoid 8.5
2-pos, 2 way <100.0
Dual, 2 way -
2-pos, 3 way <500.0
2-pos, 4 way <12no.o
Hydraulic -
Bleeder <4.8
Check 22.9
Control <6.7
Relief 1.4
Shutoff <4.6
Servo Shuttle 145.8
Pneumatic 17.5
Pneu. Oper. 17.5
Springless =
Motor Op. 113.2
Sequence 194.0
Freon <1500.0
Fuel 84 .3
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by type valve and environment and second by valve type dis-
regarding environment.
2.1.4 Solen-id Valve Data

Data was identified for 3 of 4 valve types: 2 position-

2 way, 2 position-3 way, and 2 position-4 way.
Storage data collected was from seven missile programs
and three space programs. The valid data is summnarized in

Table 2.1-3 with a calculated 90% one-sided confidence limit.

TABLE 2.1-3. SOLENOID VALVE DATA SUMMARY

TYPE MILLION FAILURES AS IN FITS* 902
STORAGE HOURS ONE-SIDED
ls IN FITS

2 pos-2 way 10. 0 <100 231

2 pos-3 way 2.1 0 < 500 1100

2 pos-4 way .55 0 <1800 4200

Dual-2 way = = = &=

General Sol. 808. 7 8.6 14.6
TOTAL 820.65 7 8.5 14.4

* Failures per billion hours

As shown, 820 million part storage hours with seven
repcrted failures giving a failure rate of 8.5 failures per
billion hours. Fo: a 2 position-2 way solenoid valve, data
was available frc.n one missile program which included 10
million part sturage hours with no failures reported. The
failure rate of 100.0 failures per billion hours assumes one

failure which makes the failure rate pessimistic.

For 2 position-4 way solenoid valves, data was avail-
able cn a ground system with 0.55 million part hours. 1In
this case, there were no failures reported. The failure
rate of 1818.0 failures per billion hours is therefore pessi-
mistic., For the 2 position-3 way solenoid valve, there was
data from one ground system with 2.1389 million part hours
with no failures reported. This makes the 500.0 failure

rate per billion hours pessimistic for this type valve.

2-5
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Thnere are many storvage data points for solenoid valves
which do not identify the specific valve type, such as, 2
position=2 way, 2 position-3 way, ctc. This data was used
for the overall failure rate for solenoid valves. There are
points which are not used as shown becausec they were marked
invalid by the original source or because information was
incomplete.

From analysis of this data, it is recommended that a
storage failure rate of 8.5 failures per billion hours be
used for all solenoid valves including the 2 position-2 way,
2 position-3 way, and 2 position-4 way until more detailed
data is ccllected on these types.

2.1.5 Hydraulic Valve Data

The data collected is summarized in Table 2.1-4 for
hydraulic type valves. The servo/shuttle valve data is
broken separately because of the difference in complexity
of this valve type. The 90% one-sided confidence limit is
calculated as shown.

TABLE 2.1-4. HYDRAULIC VALVE DATA

TYPE MILLION FAILURES AS IN FITS 90%
HOURS CNE~-SIDED
Ao IN . ITS
— S —
Bleeder 210.4 0 <4.8 11.
Check 131.0 3 22.9 (4250) 51.
Control 150.2 0 <6.7 15.
Relief 712.8 1 1.4 (499) 5.5
Shutoff 214.8 0 <4.6 11.
TOTAL 1419.2 4 2.8 5.6
Servo/
Shuttle 109.7 16 (68) 145.8 (3100) 205.

The numbers in parenthesis show the highest and lowest
failure rates computed fror individual sources showing at
least one failure. This is a measure of the range of failure
rates observed from all sources.

The three data points for blceder valve storage data have

210.43 million part hours with no failures. Hence, the
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failure rate <<£.8 failures per billion hours is pessimistic.
Check valve storage data has five data points containing
131.018 million part hours with three (3) failurees. The
check valve storage failure rate is 22.9 f.ilure per billion
hours.
Control valve data consists of three data points, 150.165

million part hours with no failures. The failure rate cal-
culated is <6.7 failures per billion hovrs assuming one fail-
ure.

Relief valve data has five (5) data points with one (1)
failure. With 712.78 million part storage hours, a failure
rate of 1.4 failures p~=r billion hours was calculated.

Five (5) data - uints for hydraulic "shut-off" valves
reflect 214.8 million part storage hours with no failures.
This calculates a <4.6 failure rateiper hillion hours for
shutoff valves assuming one failure.

Fifteen {15) storage data points were collected for
"servo or shut:itle" valves. This resulted in 109.67 million
part storage hours with 16 failures reported for a failure
rate of 145.8 per billion hours.

Analysis of the bleeder, check, control, relief and
shutoff valves show compatible failure rates. Therefore,
these data were pooled for a failure rate of 2.8 fits
applicable to these valves. The servo valve differs sig-
nificantly in construction and mode of operation. The 1
failure rate for this type of valve is estimated at 145.8
fits.

2.1.6 Pneumatic Valves

Data was collected for four types of pneumatic con-
trolled valves: general, check, pressure, and manifold.
The data was available from five (5) programs. It in-
cluded 57.05 million part hours with ore (1) reported
failure giving a failure rate cf 17.5 failures per billion

hours. A summary of the data is shown in Table 2.1-5.




A failure rate is calcnlated for each pneumatic valve
type with a 90% onc-sided confidence limit. Note a signifi-
cant higher failure rate for the pressure v ve taan for tne
other types. However, this was calculated with an assumed
failure and a small amount of storage hours. Hence, it is
recommended that the data be pooled together and that the
overall failure rate (17.0 fits) be used for prediction.

TABLE 2.1-5. PNEUMATIC VALVES

90%
T
YPE M;gﬁ;gN FAILURES AS IN FITS ONE-SIDED
: A. IN FITS
S —
Pneumatic Valves
General 4.67 1 214. 833.
Check 4.14 0 <241. 558.
Pressure .628 0 <1590. 3680.
i Mani fold 47.61 0 <21. 48.5
i TOTAL 57.05 1 17.5 68.2

2.1.7 Motor Operated Valves

Ther~ are three types of motor operated valves for
which data was found. These are the requence, freon and
fuel valves. A summary of the data is shown below, Table

2.1-6, with a 90% one-sided confid.nce limit.

TABLE 2.1-6. MOTOFR OPERATED VALVES

TYPE FAILURES STORAGE 6 FAILURE RATE 90%
: HRS.x 10 (10-9) ONE-SIDED
. A~ IN FITS
- 78
Sequence 1l 5.150 194.0 755
Freon 0 0.662 <1500.0 3500
Fuel 1 11.853 84.3 328
TOTAL 2 17.665 113.2 301.0
2-8




The sequence motor operated valve had 1 reported failure
with 5.150 million part hours for a failure rate of 194.0
failures per bhillion hours.

The freon valve had one data peint, no failures and
0.662 million part hours. This gives a failure rate of
1500.0 failures per billion hours.

The fuel valve had three data points with a total of
11.853 million part storage hours. They had one failure
giving a failure rate of 84.5 failures per billion hours of
storage.

It is recommended that a storage failure rate of 113.2

failures per billion hours be used for all motor operated
valves including the sequence, freon and fuel valves.

2.2 Calculation of K-Factors

The K-factors have been calculated below based on oper-
ating failure rate data collected from the RADC Nonelectronic
Reliability Notebook. The operating failure rates used were

from ground-fixed data unless otherwise specified. The

formula used was Ground-fixed (AOP) Operating

K= Storzue (X) Storage Data
~ /)
= A
TABLE 2,2-1, K-FACTORS Or ﬁ

VALVE TYPE lop(flts) Ag (£its) As
Solenoid

2 pos-2 way 15000 <100 150

2 pos~3 way 16000 <500 32

2 pos-4 way 14400 <1800 8

General Sol. 14620 8.6 1700
Hydraulic

Bleeder 1008 <4.8 210

Check 12595 22.9 550

Control 10720 <6.7 1600

Relief 2052 1.4 1470

Shutoff 4646 <4.6 1010

Servo 65610 145.8 450
Pneumatic

General 6420 214 30

Check 6409 <241 26

Pressure 6360 <1590 4

Manifold 6510 <21 310
Motor Operated

Sequence = 190 -

Freon 34500 <1500 23

Fuel 8232 84 98

2-9
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2.3 Conclusions and Recommendations

2.3.1 Conclusions

Comparison betwean dormant and storage reliability data
indicates no significant difference between the two. This
agrees with previous studies (reference no. 35). Therefore,
the dormant and storage data were combined in all analyses.

Quality grades were not well defined for the valve data
collected. To determine quality grades extensive searxching
through component specifications and drawings wovld be re-
quired. It was therefore impossible to determine the effect,
if any, of quality levels. The results presented in this
report represent failure rate averages over the guality grade
spectrum.

Data available for each generic valve type (solenoid,
hydraulic, pneumatic, motor operated) was plentiful compared
to that available for each sub~category. Therefore, fazilure
rates derived at this level have higher statistical confidence
than those of the sub-categories and should be utilized unless
specific information is available to further define the type

of valve under consideration.

2,3.2 Recommendations

Record keeping for valves kept on storage should be im-
proved, specifically the identification of quality grades and
valve description. This should be done within existing data
collection systems.

Additional research and data collection should be per-
formed to attain a better definition of the data already on
hand. More detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure

mode analysis should be implemented.




2.4 Refcrence
The information in Section 4 is a summa.y of document

number LC-76-1P1, "Missile Hydraulic and Pneumatic Systems
Valve Analysis," dated May 1976. Refer to that document for
details of data collection and analysis as well as technical

descriptions of valves.
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3.0 Accumulators
Accumulators are devices that store energy, and subse-

quently supply peak demands in a system having an intermittent
duty cycle. They can also be used to provide hydraulic shock
suppression. Accumulators may store energy by means of gravi-
tational force, mechanical springs, or the compressibility of
gases. Data was collected on accumulators that store energy
by the compressibility of gases. Three types of separators
are used in these accumulators: 1) bladder, 2) diaphragm,
and 3) piston.
3.1 Storage Reliability Analysis
3.1.1 Failure Mechanisms and Modes

Accumulators of all types generally have similar failure

characteristics. Failure mechanisms for stored accumulators
are (1) contamination, (2) damaged parts (cracked), (3) blem-
ishes, (4) misalignment problems or swelling. The storage
failure modes are usually (1) internal leakage, (2) external

leakage, and (3) swelling.

A summary of failure modes, causative mechanisms, de-
tection methods and measures to minimize them are presented
in Table 3.1-1.

3.1.2 Accumulator Failure Rates
Over 326 million part hours of storage data are included

in this report. Table 3.1-2 shows data sources with their
functional application and environment as well as failure in-
formation. For purposes of this table, "environment" is
defined as the conditions for which the equipment was de-
signed and intended to operate.

The data did not always contain specific information as
to accumulator type or descriptions of failure modes and
mechanisms. Quality grades were not defined and therefore

failure rates derived in this section reflect the entire

quality range defined for accumulators.
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3.1.3 Analysis of Storage Data

The combined failure rate for all of the entries in
Table 3.1-2 is 1965 fits. However, closc examination of the
individual entries shows wide discrepancies in failure rate
among the different sources. For programs reporting at
least one failure, the failure rate ranges from a low of 27
fits to 57078 fits. 1In an attempt to reconcile these differ-
ences, analyses of the discordant data points were made as

follows:

a) Data Point No. 2 ~ This was an accumulator on board
an aircraft which crashed in the desert. Seventeen years
later the equipment was recovered and analyzed. The accumu-
lator was found to have failed although the analysis showed
it held air pressure for "a few years." The failure rate
shown in Table 3.1-2 shows a number of hours equal to 17
years. It was not possible to determine the time of failure,

therefore this data is invalid.
b) Data Point No. 3 - A totel of 600 accumulators were

stored at the manufacturers' plants for two years. At the
end of this period all of the accumulators had leaked. The
accumulators were stored with the piston O-rings installed.
This is not a 'recommended procedure and the manufacturer does
not store accumulators with O-ring seals in place any more.
Therefore, the information in data point 3 is no longer valid
and will not b~ used for prediction.

c) Data Point No. 7 - This is the lowest failure rate
shource shown in Table 3.1-2., All of the accumulators in this
source were submitted to a "run in" for six hours. This was
accomplished by charging the unit at very high pressure for
a few minutes and at nominal pressure for the rest of the
time. It was estimated that the run in eliminated from 75
to 80 percent of all the potential problems in the field.
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The accumulators in data point 11 were also submitted
to a high pressure run in prior to storage. The combined
failure rates of data points 7 and 11 is consistent with
f that of other accumulators in Table 3.1-2. In view of this
and despite the fact that these accumulators went through
a preconditioning process, data points 7 and 11 will be

included in the prediction process.
d) Data Point No. 6 - The information in this source

represents an ectimate based on ratioing the operational
failure rate of accumulators. Since it does not represent
actual storage experience, this data will not be used for
prediction.

e) Data Point No. 10 - This point represents data on
a number of accumulators in a hydraulic thrust vector control
system. A number of the failures were attributed to im-
proper shipping and £illing procedures and to inadequate
1 accumulator capacity. Since most of the failures were at-

' tributed to improper procedures and design defects the data
will not be used for prediction.
After eliminating four of the five data points dis-
cussed above, there are seven valid points left. Six of

them are for a missile environment and one for a ground
environment. The ground accumulator has 3.051 million hours

of storage with no failures. This is consistent with the
failure rate of missile accumulators and therefore, they will
be grouped together.

The resultant data shows 215.01 hours of storage with
seven failures for a failure rate of 3.26 fits. The one-
sided 90% confidence limit is 54.8 fits. Of those sources
reporting at least one failure, a range of failure rates
from 27 fits to 120 fits was observed. Some of the differences

3-5




} still remaining hay be due to the pressurization state in
which the accumulators were stored. For example, the devices
in data point 11 were stored in an unpressurized state.
Similar information does not exist on the rest of the val. 1}
data points. Therefore, the effects of the pressurization
state of the devices could not be quantified. However, this
is recognized as possible reliability factor.
3.2 Operational/Non-Operational Failure Rate Comparison

The ratio of operating to non operating failure rate
was compﬁted as shown below. The cperational failure rate
was obtained from the RADC Nonelectronic Reliability Hand-

book. 122_
Environment A(fits) Ag
Operational 54000
Storage 33 1636

3.3 Conclusions and Recommendations

3.3.1 Conclusions
Comparison between dormant and storage reliability data

indicates no significant difference between the two. This
agrees with previous studies (reference no. 35). Therefore,
the dormant and storage data were combined in all anélyses.
Quality §rades were not well defined for the accumulator
data collected. To determine quality grades extensive search-
ing through component specifications and drawings would be
required. It was therefore impossible to determine the effect,
if any, of quality levels. The results presented in this -
report represent failure rate averages over the quality

grade spectrum.
3.3.2 Recommendations

Record keeping for accumulators kept on storage should
be improved, specifically the identification of quality grades
and accumulator description. This should be done within
existing data collection systems.

Additional research and data collection should be per-
formed to attain a better definition of the data already i
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on hand., More detailed identification of those units classi-
fied only by their generic names should be attempted.

A more vigorous and better documentced program of failure
mode analysis should be implemented.
3.4 Reference

The information in Section 3 is a summary of document
number LC-76-HP2, "Hydraulic and Pneumatic Systems Accumu-
lator Analysis,” dated Mav 1976. Refer to that document for
details of data collection and analysis, as well as, techni-

cal descriptions of accumulators.




4.0 Actuators
Four major types of actuators were analyzed; Hydraulic,

Pneumatic, Motor Controlled, and Solenoid types. Each type
has several types of actuating mechanisms, however the data
has been grocuped in accordance with major types.

4.1 Storage Reliability Analysis

4,1.1 Failure Mechanisms
The primary failure modes that could materially affect

the functional reliability of actuators are individually dis-
cussed. Failure modes most likely to occur listed in their

most probable order are:

1) Internal leakage (excessive)

2) Hysteresis

3) External leakage (excessive)

The actuator failure modes are often the cause of valve
failure and are often difficult to determine.

4.1.1.1 Internal Leakage
As with a valve, the actuator has a leakage prpblem which

is most serious particularly for long term stored actuators. This
] is a problem because a small leakage rate can deplete the supply
of the flowing medium. The flowing medium may be corirosive or
explosive and damage to equipment or personnel can result.
Excessive internal leakage is attributed primarily to failed
piston seals; however, contamination can also cause increased

wear and leakage.

4.1.1.2 Hysteresis

Hysteresis, is a result of excessivz friction between
moving parts. Packing contributes to this effect because it must
create a seal sufficient to hold line fluid within the body.
Additional friction occurs in the guide, and very fine stem
finishes are employed. Piston seal rings in cylinder actuators
also offer resistance to movement and cause some hysteresis.

Other moving parts such as, the plug, diaphragm plate and

stem are possible problems due to contamination and wear. Aiter

long periods of storage, sticking or sliding or contacting can 1
be caused by (1) cold welding, (2) inadequate lubrication, (3) {

contamination, or (4) incorrect design. !
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4.1.1.3 External actuator leakage

External leakage is caused by lcakage through or around
scals. This is due to aging of elastomeric scals or atatic
seals. To eliminate this failure mode, welded body construc-—

tion is preferred and permanent connections such as brazed,
welded or swaged should be made when the components are in-
stalled into the system.
4.1.2 Actuator Storage Failure Rates

The actuator storage data, Table 4.1-1, did not identify
specific types other than whether they were used in a hydraulic

or pneumatic system. Accordingly, storage failure rates were

derived for these two categories as shown in Table 4.1-1.

TABLE 4.1-1. ACTUATOR STORAGE DATA SUMMARY

Type Storage Hrs. Failures Ag (Fite) 90% one-sided

x 106 confidence limit
Hydraulic 608.6 121 (9.8)199(40769) 269
Pneumatic 239.0 21 (63) 88(256) 118

The numbers in parenthesis indicate the range of failure
rate computed frcom individual data sources showing at least
one failure. " The 90% one sided confidence limit is also

shown.
4.1.3 Hydraulic Actuato:@ Storage Data

Storage data on hydraulic accumulators consisted of over
608 million hours with 125 failures for an overall failure
rate of 199.7 fits. Examination of Table 4.1-2 reveals a wide

variation in failure rates among the individual sources.

From sources showing at least one failure, the failure rate
varies from a low of 9.8 fits to a high of 40,769 fits. 1In
an attempt to determine the reasons for this variance, the

individual sources were reviewed for clues. Although the

information on actuator types, storage environment, quality
grades, length of storage and types of failures was not
sufficient to reach absolute conclusions, several possibilities

for the variance were identified.

4-2
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a) Periodic exercising - Some of the equipments in
Table 4.1-2 were exercised periodically during storage {data
samples 15 and 16). Others (data samples 4, 11, 12 and 14)
were never exercised throughout the storage period. A third
class of data did not specify whether or not the equipment
had been exercised. The overall failure rate for hydraulic
actuators is 199 fits. The failure rate of those equipments
known to have not been exercised is almost 100 times the
overall failure rate. If the data from non-exercised systems
is removed from the overall failure rate computation, the
ratio of non-exercised to the overall failure rate increases
to over 250. Although it is difficult to ascertain the storage
conditions of the third class of data, its overall failure
rate is consistent with that of exercised systems. Based on
this data, a trend toward higher failure rates for equipment
which remains not exercised during storage is apparent and
may partially account for the higher failure rates in
Table 4.1-2.

b) Changes in technology - As time passes, advancements
in technology are sometimes reflected in improved failure
rates. For example, welded body construction and improved

elastomeric seals result in improved reliability. The data
The

sources in Table 4.1-2 vary in age from 1963 to 1974.
lowest failure rates are obtained from data samples 1 and 7
taken from reports dated 1974 and 1969 respectively. Those
two sources, by virtue of their large number of hours (over
75% of all the hours), bias the overall failure rate toward
the low end. All of the high failure rate items were taken
from reports dated 1963 and 1964. Therefore, it is prob:cble
that a decrease of failure rate with time (and improved tech-
nology) is shown by the data.

c) Complexity - The complexity of an actuator can vary
from a simple linear piston type to a complex reciprocating
vane type. Since the data did not call out specific types,
it is possible that the variance is due to differing degrees

of complexity.




d) Length of storage - The length of storage for in-
dividual sources varied from a few years to as many as 17
years. Some of the failures were attributed to aging of
seals. 1In this case, the failure rate of equipments stored
for longer times would tend to be higher. 1In spite of this,

an exponential failure rate was still assumed since the data
was not conclusive enough to establish an aging mechanism.
e) Reporting methods -~ Failures were counted on the

basis of failure statements on failure reports. With the
exception of the 6% of the reports concerned with corrosion,
the balance of the failures may not have been caused by the
storage environment.

4.2 Pneumatic Actuator Storage Data
Storage data for pneumatic actuators consists of 238.988

million part hours with 21 failures for a failure rate of 87.9
fits. For programs reporting at least one failure, a range

of fail:ire rates from 9.8 fits to 256 fits was observed. Al-
though this range is not as wide as that for hydraulic actua-

tors, some of the reasons discussed in Section 4.1.1.
responsible for the variation.

4.3 Operational/Non-Operational Failure Rate Comparison

Operational to non operational failure rates ratios (K
factors) were computed for hydraulic and pneumatic actuators.
Operating data was taken from the RADC Nonelectronic Reliability
Notebonk. The data and K factors are shown below.

: . A
Type Aop (fits) xs (fits) op‘s
Hydraulic 15288 199 77
Pneumatic 1507 88 17
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4.4 Conclusions and Recommendations

4.4.1 Conclusions

In general, actuator types could not ke identified ex-
cept for the system type in which they were installed.
Quality grades were not well defined for the actuator data
collected. To determine quality grades extencive searching
through component specifications and drawings would be re-
quired. Hence, effects of quality levels, if any, could not
be determined.

There was no significant difference between dormant and
storage reliability data. Dormant and storage data were
combined in all analyses.

Storage data collected for each generic actuator type
was not plentiful. Therefore, failure rates derived at this
high level have higher statistical confidence than those of
the sub-categories and should be utilized unless specific
information is available to further define the type of actua-~
tor under consideration.

4.4.2 Recommendations
Storage failure rates for hydraulic and pneumatic

actuators are as follows:

»

Type A(fits)
Hydraulic 199
Pneumatic 88

Although a wide variance was observed among the different
sources, the abcve failure rate is recommended for prediction.
This failure rate is representative of missile actuators
stored under varying conditions and of different quality grades.

Record keeping for actuators kept on storage should be
improved, specifically th ’“dentification of quality grades
and actuator descriptui. . This should be done within existing

data collection systems.




Additional research and data collection should be per-
formed to attain a better definition of the data alrcady on
hand. Moxe detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented for all missile hydraulic
and pneumatic systems.

4.5 Reference

The information in Section 4 is a summary of document
number LC-76-HP3, "Hydraulic and Pneumatic Systems Actuator
Analysis," dated May 1976. Refer to that document for details
of data collection and analysis as well as technical descrip-
tions of actuators.




5.0 Pumps

Pumps, defined as devices for transferring energy to a
liquid to cause it to flow in a duct, opposing gravity and other
forces, are normally classified into two principal categories,
namely positive-displacement and kinetic. These are defined as:

A. Positive displacement: A pump wherein liquid is caused
to flow in volumetric proportion to an alternating increase and
decrease of the volume in the pump body. ‘The principal classes
of positive-displacement pumps are reciprocating, rotary, and flow
case.

B. Kinetic: A pump wherein the energy transferred to the
liquid is mainly kinetic energy nonuniformly imparted to the liquid,
with subsequent distribution throughout the liquid. The principal
classes of kinetic pumps are centrifugal and peripheral plus some
special types such as jet (ejector), jet-boosted, gas-lift, and ram.

Pumps are further defined in five classes.

A. Reciprocating: A positive-displacement pump wherein
liquid is moved by displacement as the result of an alternating
mechanical increase and decrease in the volume of the pump body
through reciprocating pumps,i.e.piston, plunger, and diaphragm.

B. Rotary: A positive-displacement pump wherein liquid is
caused to flow by displacement induced by a rotating device which
creates cavities that move from suction to discharge, forcing the
liquid along. The principal types of rotary pumps are gear, screw,
vane, and cam.

C. Blow case: A positive~displacement pump wherein liquid
is displaced from a container by an immiscible liquid or a gas.

D. Centrifugal: A kinetic pump wherein energy is imparted
to the liquid principally by the action of centrifugal force. The

principal types of centrifugal pumps are radial flow, axial flow,




and mixed flow.
E. Peripheral: A kinetic pump whereln energy is imparted
to the liquid by a combination of centrifugal and tangential shear

forces.

The classes of pumps are defined by fourteen separate types.

A. Axial flow: A centrifugal pump using a propeller or
screw in which most of the head is developed by the propelling
action of the vanes on the liquid in an axial direction.

B. Cam: A rotary pump wherein the rotating device consists
of an eccentrically bored cam mounted concentrically within a

cylindrical casing with a radial seal vane.

C: Diaphragm: A pump using a reciprocating flexible sheet
or disk which comprises a portion of the walls of the pump body and
which is flexed to effect an alternating increase and decrease of

the volume.
D. Gear: A rotary pump wherein the rotating device consists

of two or more gears. .

E. Jet (ejector): A kinetic pump without moving parts, in
which a jet of fluid (usually steam or water) is discharged at high
velocity into a venturi-shaped diffuser, together with entrained
fluid surrounding the jet, the velocity energy of the total effluent
being converéed to pressure energy.

F. Jet-boosted: A single- or multistage centrifugal or
peripheral pump having an ejector booster in series with it.

G. Mixed flow: A centrifugal pump in which the head is
developed by a combination of the action of the radial- and axial-
flow types of pumps.

H. Piston: A pump using a reciprocating member (with self-
adjusting packing), both the member and packing moving within a
chamber. Motion is imparted to the reciprocating member by an
affixed rod of smaller diameter.

I. Plunger: A pump using a reciprocating member moving
within a chamber fitted with stationary packing.

J. Radial flow: A pump wherein the head is developed by
the sum cof centrifugal force and the kinetic energy imparted to
the liguid by impeller vanes and wherein the liquid enters at or

near the axis of rotation of the impeller.

5-2




K. Screw: A rotary pump wherein the rotating device con-
sists of two or more screw rotors.
L. Vane: A rotary pump whercin the rotating device consists

of a hub fitted with a series of vanes, blades, or buckets,




5.1 Pump Storage Reliability Analysis

5.1.1 Failure Mechanisms

The principal pump classifications are depicted in Table
5.1-1.

TABLE 5.1-1. PUMP CLASSIFICATIONS

Positive Displacement Kinetic

Reciprocating Centrifugal
Piston ‘ Radial Flow (Cent)
Plunger Axial Flow (Prop)
Diaphragm Mixed Flow

Rotary Peripheral (Reg. Turbine)

i Gear Special

Screw Jet (Ejector)
Vane Jet-Boosted
Cam

Blow Case

Table 5.1-2 reflects the failure modes, mechanisms,
detection methods and comments as to how to minimize the
failure modes. The table only reflects the most predominant
failure modes. Also specified are whether the failure
mechanisms are storage, operational, or guality control
problems.

5.1.2 Design Factors for Long Storage and Operational Life

Long life assurance design factors for the basic pump
components are summarized in Table 5.1-3.
5.1.3 Pump Failure Rates

Over 1.2 billion part hours of storage data are in-
cluded in this report. The individual data points, containing
pump classification, environments and failure data are sum-
marized in Table 5.1-4. Identification of pump type was
not uniform. Sometimes specific types were identified

(e.g., fixed displacement-vane) and in some other cases

5-4
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TABLE 5.1-3. DESIGN FACTORS FOR LONG-LIFE ASSURANCE PART/COMPONENT:

PUMPS

Design Factors

Remarks

Bearing Material

Dynamic Seals

Static Seals

Materials
Compatibility

Housing

Noise Suppression

>

Journal Bearings

Ball Bearings

Roller Bearings

Flow media and lubricant are the most import-
ant considerations. Ceramic bearings may be
required for long life. Metallic bearings -
must be free of inclusions or stringers.

Avoid dynamic seals which wear and cause con-
tamination by using:

1) Magnetic coupling system.

2) Submerged pump/rotor assembly.

3) Totally wet pump/motor.

Brazed or welded housing joints are prefer-
red to captive types of seals for fluid
systems.

Inert fluids are recommended, such as Cool-
anol or Oronite for coolant systems.

Housing leakage in fluid systems can be solvel
by: '
1) Impregnation of castings with sealant

substance.
2) Using vacuum melt material to eliminate
stringers or inclusions.

Methods to suppress noise include:
1) Mechanical isolation.
2) Sound suppressor/acoustical insulation
material.
3) Non-metallic duct and connectors.

Advantages: simple, inexpensive, and can be
used i1n small spaces

Disadvantages: higher coefficient of fricticH
than ball bearings !

Advantages: low friction, short length, can i
accept both radial and thrust loads i

Disadvantages: diametrically large, costs mor ./
than journal bearings

Advantages: higher load capacity than ball
bearings, diametrically smaller than ball

bearings

Disadvantages: 1longer than ball bearings,
costs more than journal bearings
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only the general category of "hydraulic pump"” was available.
In a large number of cases, failure modes and mechanisms
were not disclosed. Quality grades were not defined for any
of the pump data. Therefore, failure rates derived in this
section reflect average values over all of the quality grades
specified for pumps.
5.1.4 Analysis of Storage Data
The individual data points in Table 5.1-4 show a wide
variance in failure rates. This is due to the differences
in pump types, differences in sample sized, and the fact
that some of the data proved to be invalid as discussed below.
a) Data Point 3 - This was a pump in an aircraft which

crashed in the desert and was recovered 17 years later. Al-
though the pump was found in a failed condition, a failure
analysis showed it to be a result of the crash. Therefore,
this data point is invalid for prediction of storage failure
rates.

b) Data Point 4 -~ This represents data on 121 pumps
stored for five vears. After this period the pumps were
disassembled to replace the scals. Although the pumps were
classified as "usable” no tests for leakage were performed.
Since leakage-is one of the primary failure modes for pumps,
and since they were not tested for this, the assumption of
zero faiiures is questionable.

c) Data Point 5 - Two aircraft hydraulic pumps were
stored for ten years. Throughout most of this period, the
hydraulic system containing these pumps was exercised weekly.
Of the five failures reported, two were caused by related
failures elsewhere in the hydraulic system. The other three
failures were seal leakage. The original seals were neo-
prene and then were renlaced with Buna-N seals. Since two
of the failures were caused by other components of the hy-
draulic system, and the other three failures were considered
design defects, this data was declared invalid for storage

failure rate prediction.




d) Data Points 8 and 9 - These data points reported
one and six failurecs respectively. However, the failure
reports specify these¢ as "hydraulic system failures" rather
than specific pump failures. Since there is no way to tell
whether these were indeed pump failures, these data will not
be further considered.

Although all of the data sources did not caontain specific
: description of the pumps, the information is sufficient to

group failure data by pump type. This data, arranged by

‘ pump type,is presented in Table 5,1=5.

TMABLE 5.1-5. STORAGE FAILURE RATES BY PUMP TYPE
TYPE FATILURES STORAGE FAILURE 90%
— _HRS. x 10° RATE(fits) CONF. LIMIT
I. Positive Displace-
ment
A. Fixed Displace-
ment 327 860.05 380.2 408.0
1. Gear 167 380.05 439.9 486.4
2. Piston 112 320.0 350.0 396.2
3. Vane 48 160.0 300.0 363.4
B. Variable Dis-
placement 152 320.0 475.0 528.0
1. Piston 87 160.0 543.7 626.1
2. Vane 65 160.0 406.2 477.1
II. Kinetic . 32 160.0 200.0 253.0
A. Centrifugal 32 160.0 200.0 253.0
III. Hydraulic (General) 3 "31.482 95.3 105.9

IV. Fuel Pump 0 8.070 <123.9 <286.5




The classification "positive displacement" includes
fixed and variable displacement pumps. Sufficient informa-
tion, in terms of failures and storage hours, was collected
for the different subtypes (piston, gear, vane) to allow
development of failure rates at this level. These failure
rates are shown in Table 5.1-5. Failure rates applicable to
the general categories of "fixed" and "variable"” displacement
were developed by pooling the data of individual types under
each category. These rates are to be used when the specific
type is unspecified. A failure rate for the general catego.y
of "positive displacement" pumps was not developed. The
reason for this is the different construction between fixed
and variable displacement categories as well as a statistical
analysis which showed that the two failure rates (for fixed
and variable displacement) did not belong to the same popu-
lation and should not be combined.

Only one type of kinetic pump was identified - centrifugal.

The storage failure rate for this pump is 200 fits as shown
in Table 5.1-5.

There were several sources which did not provide any
identification other than hydraulic pump. This data is
represented by data points 6, 7, 11, and 12. Their combined
failure rate is 95.3 fits which is not compatible with the

rate of any of the other categories. This is pousibly due

to the fact these sources represent @ relatively small
number of hours and three of the four sources did not report
a single failure. For these reasons, this data was not used
in conjunction with any of the other categories and is in-
cluded for comparison purposes only.

A fourth category, fuel pump, is included in Table 5.1-5,
The operation and construction of a fuel pump differs signifi-
cantly from the other hydraulic pumps included in the analysis.

Notice that the failure rate is based on a relatively small

number of hours and no failures. This failure rate is i

i
therefore pessimistic. i:




Of the valid data points reporting at least one failure,
the range of failure rate (regardless of pump type) varied
from 200 fits to 1497 fits. A failure rate of 200 fits was
observed on several data points and on different types of
pumps. The source reporting 1497 fits did not specify pump
type and it was the only pump designed for submarine use.

5.2 Operational/Non-Operational Failure Rate Comparison

For comparison purposes, the ratios of ground environment
operating to non operating failure rate were computed for the
different pump types. This is shown in Table 5,1-6. The
operational data was obtained from the RADC Nonelectronic
Reliability Handbook. The handbook does not differentiate
the specific pump types such as gear, piston, etc. Therefore,
the numbers with an asterisk devote the operational failure

rate for a general category of pumps. Specific failure rates
for centrifugal and fuel pumps were listed in the Reliability
Handbook and were included in Table 5.1-6.
TABLE 5.1-6. OPERATIONAL/NON OPERATIONAL FAILURE RATE
RATIOS
A
; ; op/
PUMP TYPE Aop(flts) Astorage(flts) kst.
Positive Displacement
Fixed Displacement 4219* 380.2 11
Gear 4219* 439.9 10
Piston 4219* 350.0 12
Vane 4219* 300.0 14
Variable Displacement 4219* 475.0 9
Piston 4219* 543.7 8
Vane 4219* 406.2 10
Kinetic 12058 200.0 60 i
Centrifugal 12058 200.0 60 ]
Hydraulic (General) 4219* 95.3 44
Fuel Pump 24390 <123.9 >197 q




3.3 Conclusions and Recommendations

5.3.1 Conclusions

Sufficient data was collected to permit development of
failure rates for specific pump types. 1In addition, failure
rates for four general types were developed. These are
variable displacement, fixed cisplacement, centrifugal, and
fuel pumps.

Quality grades were not well defined for the pump data
collected. To determine quality grades extensive searching
through component specifications and drawings would be re-
quired. Hence, the effect of quality levels, if any, could
not be determined.

5.3.2 Recommendations
The pump storage failure rates shown in Table 5.1-5

recommended for predicting the storage reliability of missile
equipment.

Record keeping for pumps in storage should be improveaqd,
especially in the areas of quality grade identification and
equipment description. This should be done within the existing
data collectign systems.

Additional research and data collection should be per-
formed to attain a better definition of the data already on
hand. More detailed identification of those units classified
only by their generic names should be attempted.

A more vigorous and better documented program of failure
mode analysis should be implemented for all missile hydraulic
and pneumatic systems.

5.4 Reference

The information in Section 5 is a summary of document
LC~-76-HP4, "Hydraulic and Pneumatic Systems Pump Analysis,”
dated May 1976. Refer to that document for details of data
collection and analysis as well as technical descriptions of

pumps.
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6.0 Cylinders

Cylinders have been classifird in accordance with the
hydraulic or pneumatic system rating described under MIL-H-24475B.
The missile hydraulic systems are of the following types and class,

as specified.

Type I - =-65° to 160°F Temperature range

Type I1I - =-65° to 275°F " "

Type III - -65° to 450°F " ¢

Type IV ~ Temperature ranges extending above +450°F
Class ~ 3,000 pounds per square inch (psi).

6.1 Storage Reliability Analysis

6.1.1 Failure Modes and Mechanisms
Table 6.1-1 gives a summary of the major failure modes,
failure mechanisms, detection methods and methods to minimize each

failure mode.

6.1.2 Non-Operational Failure Rates
The available failure data did not contain information about

specific cylinder types. Therefore the resulting failure rate is

viewed as that for a general class of cylinders. Based on this,
the storage failure rate for cylinders is 75.0 failures per

billion hours.

6.1.3 Non-Operational Failure Rate Data
The failure rate was based on storage data consisting

of 160 million hours with 12 failures reported. No information
as to the specific types of cylinders was available.
6.2 Operational/Non-Operational Failure Rate Comparisons

Rates of operational to non-operational fzilure rates for

the different environments are shown in Table 6,2~1. The
overall ratio of operating (under all environments) to non-
operating failure rate is 2819.12. The operational failure
rate was obtained from the RADC Nonelectronic Reliability
Handbook. The failure rate comparison is.shown using the

6-1




‘I-l-lllllllllllllllllllllﬂi\

R e G A

'cﬂ

TRESTSATD
1933105 03 wlwlon
JTou wunorA Jo oun (p
S3UUTTOS Y3ITM
sbutysvo o3vubaxdur (€
suoT309u
-U0D TPOTUTRLSSW Judunw
~Xad y3Ta wo3sds 03uUT
XBPUTTAS  TTuISUT (T
YOTIONIISUOD
Apog [vuIa3INd paplaM (T
19PATOUT saanyTe;

SS8Y3 TOX3UO0D O3 SPOYISW

*aniIr3 Jo adikj

STY3 TULaASX PINCYS S3S93
utbxew x0 3s93 urT-uny
*2ess 3O Butsord

puv buttiado x03 sutbxeuw
0D0X0J ODAT3ITAIOSUOD MOTTIV

*subtsop aoap

-UTTAD WOIJ DPOITVUTWITO 3q
PINOYS s3juvuiuecjuod dexl
UTO 3TY] LToaV " Swo3sAs
8 sjuouoduod ’‘s3xed 03
I2ADT SSSUITUTITD TOIIUOD

*s)eaT 3O
U0TI30939p TensTta
X0 ssOT (PTInT3)
aanssaxd wsysis

UoTIeTTRISUI-ISOd
*Ipow Iangres
STYI Tesasx TTTM
$3593 3uauodwod
UoT3RTTRISUI-3Xd

*sjuswasInsesut
aaxnssaxd wajlsis
IO IO3EDTPUT UOTY
-1sod IIPUTTAD

UOT3RIIe3SUI-350d

‘wo3sdhs ©

FUT UOT3IBRTTRISUT
IIPUTITAD o7
Jxotxd aantte3z 3JO
adA3 sTy3 SuTWISIZ
-9P T1TM but3ysag

UoI3eIIe3sSuUI-9Id

*Bburyesat st
ISPUTITAD IT BauTWw
-X939p 03 posn aq
ued sjuswaansesul
aanssoaxd woa3sks

UOT3RTIRISUI-3S0d

*9InTIC:

Jo ad&A3 sty 3093
-9p IITM UT=-unx

3 bur3sal
UOT3IRTIRISUI-3Xd

sanssaxd (g
seysTWatq (f
(A3Tsoxod) Apcq
I9puTTAD (€
SuUOT3o9U
~uod . Burqunid (2
sbutx-0
‘sTeos OT3e3e (T
sybnoayy abexest

TeTIo3ew

(sseox3) butpusq (g

Tetxoajew butbe (p
eTIo3RW
UTTIamMs (€

A3TwzozTun
auswubrresTw (7
uoTIVUTWRIUOCD (T

103 onp uor3zTsod
93 TPOWIIJUT UT
jxon3s xojeaedss

eTI93eu
urTIemMs (L
butpuaq (9
aanssaxd (g
saysTwalq (¢
sbutx-0 buibe (¢

sot3xadoxd Teo
-TsAyd pobewep (2
uoTjvUIWRIUOD (T

:Aq posned st
sbexeal TrRUIDIUI

abeyesT
£ Teuxaaxg

butpuoag
4 3 butTiems

obexreoT
1 Teuxajur

(eTpau

UTR3UO0D § S3jusu
-3T9 3xcddns)
&poq XSPUTTAD

IetIo3zeu
x03exedas

3eas
UO3STA ISPUTITAD

OpCW 9INTICd SZTWTIUTW
/O3vlLtui L1 O3 MOj[

poy3IoW uoT30933(d

WSTURYOSK SanTfed

Xuey
-HUNH

9poW oaniTed

uoT3IdUNg 3 Iaed

SYIANITAD -

SISATUNVY WSINVHOIW JANTIVA

*TI-T°9 JI9YL




operating failure rate from three environments: ground,

air and helicopter.

TABLE 6.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE
RATE COMPARISON

ENVIRONMENT A X 10_9 OPERATING TO NON-OPER. RATIO
Non-Operating .075 -
Ground, Operating 33.154 442.05
Air, Operating 212.168 2828.91
Helicopter, Operating 973.269 12976.92

6.3 Conclusions and Recommendations

6.3.1 Conclusions

Comparison between dormant and storage reliability data
indicates no significant difference between the two. Therefore,
the dormant and storage data were combined in all analyses.

Quality grades were not well defined for the cylinder data
collected. To determine quality grades extensive searching through
component specifications and drawings would be required. It was
therefore impossible to determine the effect, if any, of quality
levels. The results presented in this report represent failure
rate averages over the quality grade spectrum.

In general, cylinder types within each class (Type I, Type
I1, etc.) could not be identified. Therefore, failure rates
derived at this high level have higher statistical confidence than
those of the sub-categories and should be utilized unless specific
information is available to further define the type of accumulator

under consideration.

6.3.2 Recommendations

Record keeping for cylinders kept on storage should be
improved, specifically the identification of quality grades and
cylinder description. This should be done within existing

data collection systems.




Additional research and data collection should be per-
formed to attain a better definition of the data already on hand.

More detailed identification of those units classified only by

their generic names should be attempted.
A more vigorous and better documented program of failure

mode analysis should be implemented.




7.0 Compressors

This section contains reliability information and
analysis on compressors. Although there are several types of
compressors, the scarcity of data made it necessary to
combine it into one general category of pneumatic compressors.
7.1 Storage Reliability Analysis
7.1.1 Failure Mechanisms

Failure mechanisms and modes, detection methods and

corrective measures are summarized in Table 7.1-1.
7.1.2 Design for Long Life Assurance

Design factors to insure long life of compressors are

summarized in Table 7.1-2.
7.1.3 Non-Operational Failure Rate
No failures were reported in the available storage data.

The non-operaticnal failure rate is estimated to be less than
4085.0 failures per billion hours.
7.1.4 Non-Operational Failure Rate Data

Only one source of storage data was located for pneumatic

compressors. This contained 0.2448 miliion hours of storage

with no failures giving a failure rate of 4.085 failures per

million hours assuming one failure.

7.2 Operational/Non-Operational Failure Rate Comparison
Ratios of operational failure rate (under both environ-

ments) to non-operational failure rate are summarized in

Table 7.2-1.

TABLE 7.2-1., OPERATIONAL/NON-OPERATIONAL FAILURE
RATE RATIOS

ENVIRONMENT FAILURE RATE (10_9) OPERATING/NON-
OPERATING RATIO
Non-Operating 5085.0 -
Operating (Ground) 12700.0 3.1
Operating (Air, Helicopter) 297560.0 72.8
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TABLE 7.1-2,

DESIGN FACTORS FOR LONG-LIFE ASSURANCE PART/
COMPONENT: COMPRESSORS

Design Factors

Remarks

Bearing Material

Dynamic Seals

Static Seals

Materials
Cozpatibility

Housing

Noise
Suppression

Journal Bearings

Ball Bearings

Poller Bearings

-k

Flow media and lubricant are the most important con-
siderations (see text for particular recommendations).
Ceramic bearings may be required for long life.
Metallic bearings must be free of inclusions or
stringers.

Avoid dynamic seals which wear and cause contamina-
tion by using:

1) Magnetic coupling system.
2) Submerged pump/rotor assembly.
3) Totally wet pump/motor.

Brazed or welded housiné joints are preferred to
captive types of seals for fluid systems,

Inert fluids are recommended, such as Coolanol
or Oronite for coolant systems. a

Housing leakage in fluid systems can be solved by:

1) Impregnation of castings with sealant
substance.

2) Using vacuum melt material to eliminate
stringers or inclusions.

Methods to suppress noise include:
1) Mechanical isolation.

2) Sound suppressocr/acoustical insulation
material.

3) Non-metallic duct and connectors.

Advantages: simple, inexpensive, and can be used in
small spaces,

Disadvantages: higher coefficient of friction than
ball bearings

Advantages: 1low friction, short lemgth, can accept
both radial and thrust loads.

Disadvantages: diametrically large, costs more than
journal bearings.

Advantages: higher load capacity than ball bearings,
diametrically smaller than ball bearings.

Disadvantages: longer than ball bearings, costs more
than journal bearings.

- )




7.3 Conclusions & Recommendations

7.3.1 Conclusions
Quality grades were not well defined for the compressor data

collected. The results represent failure rate averages over the
quality spectrum. Generally compressor types within each class

of hydraulic or pneumatic system could not be identified. There-
fore, failure rates derived at this high level have higher statis-
tical confidence than those of the sub-categories and should be
utilized unless specific information is available to further define

the type of compressor under consideration.

7.3.2 Recommendations

Additional research and data collection should be performed
to attain a better definition of the data already on hand. More
detailed identification of those units classified only by generic

names should be attempted.
A more vigorous and better documented program of failure

mode analysis should be implemented.




8.0 Filters

This section contains reliability information and analysis
on hydraulic filters. The purpose of a hydraulic filter is to
remove contamination from a fluid., A filter may be thought
of as a series of small orifices or a semipermeable membrane. As
the fluid flows through it, contaminants are removed by being
mechanically blocked without harm to the useful characteristics
of the fluid.

Since a filter will pass small particles and stop larger
ones, a means of designating the degree of filtration must be
used. Filters are rated in terms of "nominal" and absolute"
filtration. A filter with a particular nominal rating is one
that will remove 98 percent of all particles of that particular
size and larger. A filter is given an absolute rating when it is
said to stop all particles above a particular size; it has often
been said that there are no absolute filters. It is extremely
difficult to contain all fibers that are greater in length than
the absolute rating of the filter, since they may also be many
times smaller in diameter. 1In order to define the capabilities
of a filter completely, both a nominal and an absolute rating
should be specified.

The main hydraulic filter elements used in aerospace weapon
systems are of two basic classifications: cleanable and non-
cleanable. Elements classified as cleanable are usually sintered
bronze or woven wire mesh. Sintered bronze types are susceptible
to media migration, require unusually refined manufacturing tech-
niques and quality control, and are virtually impossible to clean
completely. Woven wire mesh filter elements are the most common
cleanable type, and are not as susceptible to media migration.
Equipment that will adequately clean a so called "cleanable”
filter is not often available to maintenance personnel. Such
filters are usually either discarded or rinsed in fluid and re-
turned to service; the latter procedure adds to the contamination

in the element, and can lead to a clogged filter.




In the recent past, noncleanable filter elements have been
considered the least desirable of the elements available. They
are usually made of resin-impregnaced pressed paper, and are
susceptible to media migration, aging embrittlement, and collapse.
It has been shown that storage time directly affects the capability
of paper filter elements to withstand their rated differential
pressure. With the advent of woven wire elements, paper filters
were not considered adequate for high-performance systems. Paper
filters are highly regarded at the present state-of-the-art, how-
ever. Recent investigations of the contamination levels in naval
aircraft hydraulic systems indicate that paper elements provide
cleaner systems than wire mesh in that application. Another
recent test, conducted by commercial airlines, has resulted in the
conclusion that paper elements used in series with woven wire mesh
filters provide significantly better contamination control than
either wire mesh or sintered metal filters.

Present thinking on the subject, then, stems from two con-
siderations: paper filters are actually depth filters and tend to
remove fine as well as coarse particles, whereas woven wire elements
tend to pass most particles finer than their nominal rating; also,
paper filters are inexpensive and can be discarded. The trend now
appears to beé in the direction of a paper element backed up by a
wire mesh element to protect against mechanical failure of the
paper element. (A limiting factor, for missile systems in particu-
lar, is the fact that paper filters cannot be used at temperatures
above 275°F.)
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8.1 Failure Modes and Mechanisms

Principal filter failure modes arc listed in Table 8.1-1.

TABLE 8.1-1.
FAILURE MODES FOR FILTERS

1. Leaking

2. Cracked or Broken
J. Out of Tolerance
4. Broken

5. Excessive Wear

6. Cracked
7. Clogged
8. Burst
9. Warped

10. Damaged-mishandling

11. Structural Failure i
12. Bubble Test

The failure modes are primarily operational or quality
problem. However, storage of the filters over long periods have |
|

similar problems; such as leaking, cracks and clogging.

8.1.1 Storage Failure Rate

The storage or non-operational data for filters are

summarized in Table 8.1-2.

TABLE 8.1-2 STORAGE FAILURE RATE - FILTERS

Type Failure Rate 10_9
Filter (fine, 100 micron) <6.2
Filter (coarse, 100 micron) <2.1
Other types <017.7

TOTAL (overall) <1.4




8.1.2 Non-Operational Storage Data
Non-operational storage data was collected from eight

programs. Storage hours and number of failurcs for cach are
shown in Table 8.1-3.

8.2 Operationil/Non-Operational Failure Rate Comparisons
Table 8.2-1 presents operational to non-operational
failure rate ratios for the different operating environments.
For comparison purposes, the combined filter failure rate is

used since information on specific types was not available in

the operational data.

TABLE 8.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE
RATE RATIOS

9

Environment A(1077) Operational/Non-
Operational Ratio
Non-operational .87 -
Operational, ground 94640. 108,781
Operational, heli. 214790. 246,885
Operational, air 9860. 11,333

8.3 Conclusions and Recommendations

8.3.1 Conclusions

The specific filter type could not be identified and quality
grades were not well defined. To determine the specific filter
types used and quality grades, extensive searching through compo-
nent specification and drawings would be required. It was therefore

impossible to determine the effect, if any, of gquality level.

8.2.2 Recommendations

Record keeping for filters kept on storage should be improved,
specifically the identification of quality grades and filter
description. This should be done within existing data collection

systems.
Additional research and data collection should be performed

to attain a better definition of the data already on hand. More
detailed identification of those units classified only be their

generic names should be attempted.
A more vigorous and better documented program of failure mode

analysis should be implemented.
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9.0 Gaskets and Seals
This section contains reliability information and analysis

on gaskets and seals. Data for gaskets (general types), static

seals and dynamic seals are included.

9.1 Storage Reliability Analysis

9.1.1 Failure Mechanisms and Modes
Principal failure mechanisms and modes are summarized in

Table 9.1-1.

TABIE 9.1-1. SEALS, GASKETS FAILURE MODES

1. Leaking
2, Physical Damage

3. Torn
Cut
Deteriorated

6. Forged

7. Cracked
Broken

Excessive Wear
10. Distorted

These fdilure modes are for operation and storage. The
primary storage failure modes are leaking and deteriorated.
Many of the operational failures are caused by lack of quality

control.

9.1.2 Non-Operational Failure Rates
Non-operational failure rates for gaskets and seals are

summarized in table 9.1-2.

TABLE 9.1-2. STORAGE FAILURE RATES - SEALS

Type A (x 1079)
Seals, Dynamic 5000.0
Seals, Static 10.0

Overall 9.9
9-1




9.1.3 Non-Operational Failure Data
Non-operational failure data was collected from two

sources. Storage hours and number of failures for cach arc

shown in table 9.1-3.

TABLE 9.1-3. STORAGE RELIABILITY DATA - SEALS

Type Failures Hours(los)
Dynamic 0 .2
Static 0 100.0

TOTAL 0 100.2

9.2 Operational/Non-Operational Failure Rate Comparison
Table 9.2-1 presents operational to non-operational failure

rate ratio for the air operational environment. For comparison

purposes, dynamic seals and static seal data (storage) was

combined.
TABLE 9.2-1. OPERATIONAL/NON-OPERATIONAL
FAILURE RATE RATIO
Environment A(10'9) Ratio
Non-operational 9.9 =
Operational, air 48996.0 4,949.09

-

9.3 Conclusions and Recommendations

9.3.1 Conclusions
Quality grades and descriptions of gaskets and seal types

were not well defined for the data collected. To determine quality
grades, extensive searching through component specifications and

drawings would be required. It was therefore impossible to deter-
mine effect. The failure rates derived are significant and repre-

sent a cross section of gasket and seal types.

9.3.2 Recommendations
The failure rates calculated should be used for reliability

prediction until additionai data can be c-~’lected on specific types

of gaskets and seals.




Record keeping for gaskets and seals kept on storage should
be improved, specifically the identification of quality grades and
gasket and seal description. This siiould be done within existing
data collection systems.

Additional research and data collection to attain a better
definition of the data already on hand. More detailed identifica-
tion of those units classified only in their generic names should

be attempted.




10.0 Bearings

This section contains reliability information and analysis
on bearings. Since bearings and lubrication are the acknowledged
and proven life limiting elements of motors, emphasis has been
placed on the examination of bearing fatigue life and reliability
and the types of lubrication systems which enhance long life.
Wear must be virtually eliminated for bearings to achieve their
ultimate life capability, i.e., their fatigque life. For storage
and operation, fluid lubrication offers this opportunity.

The primary bearing used in military systems is the ball
bearing. Other bearing types are specified in the detailed

bearing report.

10.1 Failure Mechanisms and Modes
The primary bearing failure modes are listed in Table 10.1-1.

TABLE 10.1-1. BEARING FAILURE MODE DISTRIBUTION

FAILURE MODES

Friction Excessive

1. Excessive wear
2. Mechanicai binding
3. Sticking
4. Dented
’ 5. Jammed
6. Pitted
7.
8.

Chattering

9. Excessive vibration
10. Frozen
11. Clogged
12. Scored
13. Bent
14. Cracked
15. Lack of Lubricant

——




Table 10.1-2 lists the most common failure modes for
bearings by their frequency of occurrence. Given for each
failure mode is the reason of failure, failure mechanism,
possible causes and suggestions as how to eliminate/minimize

the failure mechanisms.

10.2 Storage Reliability Analysis

10.2.1 Storage Failure Rates
Non-operating (storage) failure rates for bearings are

summarized in table 10.2-1.

TABLE 10.2-1. STORAGE FAILURE RATES

Type Environment A (1079)
Ball Bearing MSL 5.0
GND 11.4
SUB 2994.0
OVERALL ==—=m—mecem—e—e 14.438

10.2.2 Storage Failure Data
Storage failure data was collected from three environments.

Storage hours and numbers of failures for each environment are
shown in Table 10.2-2.

TABLE 10.2-2. STORAGE FAILURE DATA

Bearing Type Environment Failures Hours (105)
Ball MSL 1 200.0
GND 4 351.52
SUB 3 1.002
TOTAL 8 552.522

10.3 Operational/Non-Operational Failure Rate Comparison

Table 10.3-1 presents operational to non-operational
failure rate ratios for the two bearing types in an air en-
vironment., For comparison purposes, the types are combined

in the storage data.

10-2




«dur3junou
lo30@ wo1j yaed
xn1j) 12y aaoadwy (D)
*progacod a2
sosstddq yied xnyj
ICOY 1010w UTIIINYM
idasuod 1o0j0m asn  (Q)
raojouw
udidTlie 210w 35y  (e)

-peoy pue

£312072A T1EQ AJTuUn

01 ajed duyaraq

poproraad xatdnp

3dope 20 sJuyads
protaad azyr33n  (e)

*skcmaadsea uo
sJurarod ZSOoK 2sn  (P)

*aany
-v12dwdl IATSSIOXY  -ITF

‘speoy
a3LJ123UT I9%d0d
118q/T18q 2ATSS3OX3 ‘3T

-s3utaraq (1er3aed 10 2327dwo)d)
1281e1 9237130 () aanyyey 19m0d 1o s507
*3alap 30 uo0y3IdTa}
Indino ay3 103 Suyy *SYOe1Y 1IPqQ Sutavaq iaujriaax [1eq oF
-dnod 10 surtds asp  (Q) 3urTnoy syaqap Y31y o3 | -39y3juds uy o yIgm
*speoy ‘sproy Q3P Yira 22uteIaA. 9np sdassoT SONTNVIE 11ve QIIVD
430031 acad aouerrg (r) JUTIPIQq IATESIINY  *} JO Ieam DATSSIOIXNT T 1 BATSSDOX] -THEIT ¥IISNVHEL Q1105 v
SWIINVHOIR IUNTIVA 3ZIKWI $3SAVY 3191SS0d WSIKVHOIW F¥NTIVA | ANVY NOSVIY IJOK IWATIVE
=N1R/3LVNIAITI O MOH 134 JHATIVL

SISXTUYNY WSINVHOAW FANTIVA

SONIYYI] = SAVAHEYID HCICH HC/CNY S50Z0W

¢-T°0T JTEYL

10-3




*(21q315ra} 30U

*£3a2u9

‘s11®Rq
puz semadex

2anyjej jo

ual;e) oscyd younoy andug £Tuo sadu Jo (uoyso1xz02 UOT3I0T13
3uyan) io030am I3r3adpy Q) -322dxa 2030w ‘°*a3°y Suyi3vay 1o 3utawaq o3 (1e33aed
-8utriedq papwoy {3d5uRUOSII INOYaITA 8ur3ival) 3Buit anp sassol 10 2191do))
-23d xatdnp azITFIn (W) JUSWUOITAUI UOTIIRIQTA °F -Iouugaq IsTwd ‘1 111 BATSSIIXT 19mod jo $s07
S3dALl
ONI¥VaE 1TvE 11V D
*ATQE3SST [rul; 031 1071ad
poueat> uayl ‘i1ainioe]
-nugw 03 Aq A1qlssod
SPIITYS jo Arquasse 01
actad U1 unl puw pIgRY
S3LTaE3q IR ey ()
spapaau *uoj3eiado [anTIE;
s2inpadoad uj-uni 3ugsuvars pue A1ques *$N31J133p 30 uet3Idraj}
I1oTx3 oyl L3120ds  (q) -SBSIp ® Aq pamolloj aqny wry) Lap dutaesaq 03 (1e13aed
*1val uj-una Aieujwyioad yiia sdeaddex anp sassol 10 93atdao))
~u0d 559201d dA0adzy  (®) ® 3AJ2231 30U DPIP IFUL T 11eq jo Suiynogy -1 11 DAISSaOX3 aamn0d ;0 sso
*599%1 ITeEqQ UO agnT
w1ty A1p Zsoi ‘-e-y
SONIYIdE 1TvE
QILVIINEAT K114 A¥G -9
sduticaq yiia
23T J2a3uT 1P Ssaupunod
30 Iinc 10 saduviarol
Yursnoy aadoadul (e) uswudtiesiw Jujaeag A
*s3a1242 Lanp *
11eas/dois juanbarj o3
*UOTIdLil TIrq dpracad anp uoFIRAD[AIDC Jury
f1 nzotaad dzrirIn (U) -1np STIRq jo TuIppIAS Ay
SRS INVEDAR 3¥ATIVE I7INWI S3ISAVYD ITE1SSOd RSINVHOIR IYAT1Vd ANV NOSvay 3GON 3¥ATIVG
-NUR/ALYNIKITE Ol A0R REL-| ANV

(P,3U0D) SISATYNV WSINVHOAW TANTIVI

¢-T°0T I14vL

10-4




saa0qe 1%
S331 83 () ©3 (Q)

su03INTOsS 243 jo Luy (Q)
TUOPILITTXA Judadzd

031 2an3ionzls Ljjpox (9)

ss3ulitag Jadats asn ()
"uoll

~C1O08] LO-ITIQIA 95 (9)
+sdujacoq

{375edes 19¥1ey sy ()
*Juricoq paproy

=a1d xardap ozy113n (2)
‘(97q1s®a} i0u uUI3IjO)
JUIBUOITAUDS UOFITIQTA

Sugaap 1o01lca airtaady  (Qq)
*UOTITIIONS Juaaaad
03 s3ssdujj;11s 3utacaq
pur {;qeasse Juy

-3T302 ioica uldjsapay (e)

*{31dadsc

UGTSC.103 Ayl sIicu

~I2TTO s:y3) uaddlxo
pue itc opnyaxi ()

r(ao3c0m

3rdicy f1qrqoad pue)
sujitag Jasars asy ()

*$101
-ClOSy uo~iCiGIA 38 (p)

cA3tr;1ouedes prag djic3s
3913946 {1fA wntardq s (9)

SRSINVHIIR FUATIVL H2IN]

*21n3ona13s 3ujizoddns
3O 2ouruOsSIa Yija
JUIWUOITAUS UOTIVAQFIA *ITT

-9duLUOSal1 1030uG YiyAa
JUIWUVOITAUI UOCTIRAQTA °*TT

S3SAVD 31915504 KSINVHOIW FUATIVA | NNVE NOS'AY 4Qok 3¥NTIVE
SNIR/TIVNIKINE O MoH 134 UNTIVL
(P.,3U0d) SISATYNY WSINVHOIW MANTIVA °Z-T°07 ITAVL

10-5




*aansvauw

T0113L0d {311TNnb

puUT STLnDOdoad ATQTISST
13373338 Juawarduy

*UOTIINDUOY ITIY 2923133
303 9qny p3Tos jo
PLIISUT aqny 33a IS
*1T07} pue

8utirag 103t218 moOTTV
*3VITIT 300D

votsuedxa jrmioyl
arqriedaod y3iia
TeI:z03exR Juysnoy asp

*NUTS 1By

01 y3ed xnyj jeay
12:33q Suypraoad Lq
3ud3prad Trwidoyl ascnpay
rsujaraq asnoy o3
Ietioivw 21qricdzod jo
duisrol UT 33AsuT Aas;y
*3UITOT ;3000 uoisurdxa
ITE/IDYI H1JTITLLOD yifa
ITIINITW WUSNOY as)

‘ud1q01d proliaac
30 1vod oy3y Apouwdy

*SUUTITIG JAJDTS OS]y
‘siojciocy

MI0US WD 300U IUnoy
“durprojasd

Qurivroqg oiraodioau]
sslutavog

£1vavdua aaliey osp

(=

Q)

(e)

()

(@)

(®)
(p)
(@)
(q)
(v)

(*s11eq y3noay3 pasodug
$pTOT uojILTTRISUT)
uopiIeTIvISU} 23doaduy

*9duBmOTI® 3IBOTJ pua
Sugieaq @3enbapeug
Y3ITM PSUTqWOD 10301
pue 3ugsnoy uoaml
~2q uojsuedxd JIBIUTT
TETIUa1233TP 03 anp
PBOT 1SNIYl IAFSSIOXY

*3utaeaq jo uotiow
9ATIRTI2X duliIdfaasaz
(dwa3 mo 3e) dujacaq
pue Buysnoy usamiaq
3J2ud133aD3uUT TTIpEa
iCTIU23DF)Ip 03 onp
PO ISNIYI DATSSIIXY

“prol

-19A0 ©1 10 Aanyyvy
1223 Jua3djoul o3 anp
prol ICIPTA IAFE52IX3

*IUDWBOITAUD ¥DOUS
WOlj SPLOT DATSSIIXJI

“1TE

‘1T

°¥

(-sAecaddea

jo voyirumio}

-9p dyaseid)
Yuytlauuyag g

10-6

NVHI2R ATV 32TRT
A/ILVNIRITE OL MOH

SASAVY ATHISSOd

RSTNVIDIR AUATIVI ANV

it

NOSVIY
3¥NTIVE

IO AANTIVE

(P,3UO0D) SISKIUNY

WSINVHOTW MANTIVJ

"C-T°0T JTEVL




cJuswudrTe
-s1m 1793 oaeurwiri (9)
"$2383 yioq
30 3uauIEAIl 9dRJans
3o /pue terialew 1vad
2apacy ® 03 adueyy (Qq)
‘uoTIEd
-7igr{ ivd¥ aaocaduy (wm)

-s8ujacag
PIPIITUS azITI3n  (®)

ssdugaroq 2aaas os  (d)
‘uotl

~EOST uOTITIqIA IS (q)
“UOTINITIIXD Judadad

031 aantdnials AJjpoR  (T)

+s3uT1Tog dAl3Ts 9sq (D)
*uotT3

~C[OST uoy3ITIqQIA 3s1 (Qq)
*UOTITITIXD judAdi1d 07
s3ssat ;3135 Yujaeoq
pur A7q@dsse uoy

-3t301 1030% udisapay (v)

*duyaeaq a3

,JO Ityl o3 uoysucdxd

TaIAY1 jo JuatdT]Ioe

~0D ITTIWS sty ey
1P1133Ts Juysnoy asq (q)

"ASLNINTOY 19801

SSn o caty o lanex (1Eq

pue dufsnoy unsnmiaqg
DILCITILD oYy vISSA] ()

"dpow ainyyel
v Juyodaopun Butaces 3y

*pasn siduy
-acaq ad&3 poaprotysun °3

*(Yutr3cvaado jou

l1o0 Juyieiado iojow)

duysnoy pue Jutaeaq

uddM19qG JSJUTIBI[D UO

duyioe aan3dnays Juy
-31o0ddns jo asusuosay 31

*(3uracaado 30u

10 Sujieaado zo30uw)

Suysnoy pur 3ujavoq

uaan3dq IoueaedTd

uo 3utriow 2ian3dnass
1030W JO IJUBUOSIY °FT

*(dutacaodo

ao3jow) sproi Jujiesq

01 Juy3dcoz Yuysnoy

pur 3ujacoq udam3
-9q IdUCILATD SSIIXT ]

"8n3t13
-9p amom 1893
Yyita sdemasea

30 UOTIPUTWRIUG) ¢y

*duysnoys
puc 3utavaq
uadmilaq adey
-133UT I® uoys
-0110d> Juy13niy ¢

SWSINVIDAR AUATIVE IZIRL
~/ALVNINITYE OL Mon

S3SAVI 37915504

WSINVHOIK 3¥NT11vd

ANVY
T

NOSVaY
JPAIIVL

3JOK INTIVA

(P,3U0D) SISKATYNY WSINVHOAW FHATIVI

*¢-T1°01 3I9YL




*HUOTITPUOD
[ 2vd dangyor
irog Ysyuij sawydoa Kiepunoq
jans 12131392q 913A28 U s3I caeam Lq
T o3uTOyAghY ~13do 3uyieaq - uoyl pajundwodow ain
518 da0w sy (T) -¥d7Iqn1 3iwnbapsur 3 -1193 ?aniwcaad *9
*SIYOAJINSI1 %0
£ivisa.97ddns aspy (p)
*spToTts duyaeoq 31
a2i10193203u1 35 ()
*S1}0A8S01
TT0 ST $3IDF 3IEW)
270t 303 11BQ 95T (9)
redae
FocrT 03 auadelpr *98ev103s 8uy
STT: 2971338R 3asy  (®) -anp SSOT UOTIRIBITL [T0 °FTIT
*sduraeaq
1IT3 Toee 9zIT1tIa 0 (Q) *3LUTITAQNT pue
SIUTITICRT LUTIITHTIGUR sieridirw Jutraeoq ucaIml [ ]
VOIIONAI00 03 adueyd (T) -9q UOTI3IDdEIa [COIWIYD 1T m
! —
TaLUIaTPQ 11TQ
199318 sSatutras Az (9)
r1jTatadeds 10
JUNIIIIEUG JO UOTINIS
DIICAS U 1033% 2Id07 (Q)
Tylutaqet
10 ST 'S 1TSS 4Ifa
pATT s 30 ‘poreas *stteq
STIALIANL 3DU3T *saloydsowir pyuwny pur sAcmadex
3050w pateas ©oosp () 01 3123(qns sT 37U °T JO uolsoii10)
*(sduracaq 3jrvys sndino
LY S EIREY 031 suiejzad) uwnnoea
BUTeLE Y AT 3T DPIOAT 01 paTg Sy aanssoad
07 LU oaooy 3a3aa JruIa3uT ST Wularvaq
\atITT S UITMY LA AsY (1) uy pasysodap snayziag “ITI
i35 2EITIVE AZIRT SASAVD IT14ISSOd WSINVIDIAR JuN1Ivd NNWY NOSVTY AGON TYTIVA
STELVNGIRITE 01 MOl gt | IATIVE

(P,3U0D) SISATYNVY WSINVHOIW FYNTIVd *2-T°0T II4VL

|
:



*§1T0A

*20531 710 ST lov Jeyl
§33utriaa ITeq OS]
*TIAT pagnT 03 uddel
-pU SWIT! 13jaivq oS

*syuan

-YsSIgin}ax Lojacd
-3agnT suanbaaj dsaop
*dut3isos 3udiry

=02d JO 3u2IXV IINPIY

t310A
-Xos01 dimjuswa(ddns
PPU P 210A2DCTO0

110 ST 32T urd Uyl
$13UTEI0L 1(Tq 3s)
s1jead

-advds 20 JuswAIISUTL
3O uovid3s paredas

Ul 3010w 2131207

*33T1 uoil

-er10dTAd IamOT YIla
ostaad 10 110 221713N
*yiuraqey

10 s1vas 1jeys

{q3ia paIras Jo pateas
AT{eatiomaay 1943y
10305 pPALLas as)

*sooCjians

2[(qrilar-uou duisard
s4pmd20 U0 /9 S[ICq
pasrutweiucy L[rusteayn
*SUOTITPUOD

Qi (ersard aaopgor

o Troaseagout

) e Th Bl &8 S Y]
durIveIqny 103iaq

ITA 3uUITUGRT s

[€))
(v)

(3
)

$2]

)

(%)

(™)

€9}

(3)

(9)

*ssot
uot3eadiu 03 anp uojl
~8212qn] ajenbapuvur 33T

*SS07 uoT3
-g1o0deAad 031 onp uoll
-vo3aqny 23enbapruy 1y

SWKSINVID R HYATIVE 5Z1K1
=N1is ILVRIHTTE Ol MOH

$35av) 3791ssod KSINVHIIW 3uN11Vd

ANVY NOSVAY
138 JAATIVY

JCON AATIVE

(P,3U0D) SISATUYNY WSINVHIOIW TUNTIVA

¢-T'0T J789VdL

10-9




‘U0t
-3Ptod axnivaodway mog
243 PICAT 03 133IBAY 9s)
r1030w

15 39m0d 210w asy

raqnt

w1ty Lap o3 alueyy
*ainiezoduo)

A0T 33 3T SNOISTA
$SOT pUT JUIIDTJJA0D
Airsonsta/eanieviadwni
10207 Y3iim aseaild

1¢ 710 ue o1 alducy)

"uOTITITAQNT TjO
031 2501 woaj aduey)y
*SWuTILdq uo protaid

10 pPror (Twacu danpay
X311 igrded danaraanduay
4 411n aqnp osp
sdurjunow 3030 woaj
yqicd xiniT; 3eoy naoadul

‘pray

-a713 sasseddq yied
X17J IEIY UFIlaya
193JU02 l030W 3s]
c1030w

LIIDT3JD drow as)

"110A10S501

110 Axrjuswatddns os)
sEpiatys duraroq
FRTERRURD R Y N bt o5

(M
(©)]
(1)

(=)

(€D
Q)]
€2}
)

(a)
(v)

)
€)

spaiedjatiue ueryl 19
~207 ST 21n3jeaadway
3ujyawando fenidy °3

raeam d19a3s £q

~-2 017103 (uojiezjaouw
~-4itod) aqn{ 33m jo
vr3iepeadap Sugsnro

S IRLUIUGL Y DATSETONT AT

*£31800STA
110 43tH ¢

SVHIZR 3UNTIvd 3Z21IKI
=NIN/3LVNIRTTS 0L MOH

S$3SNVD 3791SS0d

WSINVHDIK TUATIVE | ANVY NOSY3IY
13y 240T7Ivd

JQOK AWNTIVL

(P,3uU0d) SISXTIVYNY

WSINVHDIW Z¥ATIVE  "Z-T1°0T ATV

10-10




*2030w 2d43

HSRaY Jo asn pyoav  (p)
SITO AT[UEIPISMAN (2)
*(uorivzianssoad seg
332Ul nur) ICas 3jeys
add3 3dv3uod aspy  (q) *(s8utaeoq 1jeys andano
*s8uyaeaq 01 sujraiad) wnnoea
YEnoItl M0TjIte pIoOAR 031 pa7q ST odanssaad
031 JuIsSNoYy 1030T Y Teuaaiuy se 3ujaeaq uy
{323T33 431~) 3u3A 35 (W) pe3rsodap STIqap ysnag "It
+3ujavaq
03 iuadefpe 3jeys +3utavaq 133ud *$T2q
vo 1a3uiys/aduey; asay  (q) 01 37 Sursned sTaq -2p ysniq yiim
*3utarvaq -3p §QaNiSIp S92103 sfemadea jo
pateas 1o paprogys asn  (®) 13AN3UTW 10 UOTICAQTA T uojITUIWRIVOY °g
*S$21npad *UCIITOT)
-o0ixd 701303 A3frenb -320ds wo3xj d3ICLAIP
10331138 dsodul  (©) sa1319doad juedtaqny *TIY
c3030uW
Injan=od azow © o asy (Q)
.\_.JUuA:__:_ *jued .
YOLIepIxXe ur asn (v) -¥Aqn] JO UOTIUPIX0 ‘T3
SRS VYN ATV 2 IR SASAVD 37181SS04 WSINVHOUAW IYNTIVA | NV NOSVAN 3GO I¥ATIVE
=NTR/FLVRINUTE 0L MOH 13¥ FANTIVL
(P,3uU0d) SISATYNY WSINVHOIW FTUNTIVA *Z-T'0T ITI4GVL




T2°308 IdUTICINg

27°¥1s STTruotrs

~UdLTD da0d B 3asn (D)
*T10 03 aseaid

; 42 10 ‘170
£33503::18 18m07 3s) (q)

-Lemooes

PLT 12..1v331 uaamlaq
9IUTITATD BSTIIJUL  (T)

sajrr o andtivg pue
EENPRTNEP S SRR ERITE

g - proiasd ppy  (r)

spirol

12caq 2anpay  (9)
“pPror

-111071 1Td¥ Jouerg (°©)

-2ad

*S$310A19831
110 Asviuowarddns asy  (Qq)
*phiruvexduy Ty0
fiouteEios Yuipra pucty
® 93 Lo.r1vI9a Yuipia
TIrG & =oaj »luey) (o)

*(@anieaadwas jo sawoay

-x3 38 Ajaernotiaed)

puUBR] puU® 13ulE331

T1eg Suipia pueT usamy
-2q UOTIDTIA; IATSSIINT *Af

*SpeoT pue sIT3
-1d%013A i1eq Jutkica
L19p1A 031 anp sadi0j

AOCJ103uF Jaxd0d
T1PqQ/T1EQ dA7SS20X3 °*117%

*Sprof durarvea aags

-S$93%J 031 anp s3310]

3drjao3uy 3920d
ITeq/11°q dATSSaox3 *I}

JUBDTAQNT JO §SOT °T

1uyey

=31 JOo 2an3
-dna pur andi3
-tj 03 Buipeaty

uotilTUTWL]Y
=Uod DI01 uUITA
pPouUTquod ‘.eam
iduyelada T1RE ¢

VI RVTIVA UZINI
W dLVNIRITI OL MOH

$3SaVI I41Ss0d

WSINVHDER 3¥NT1Vd

ANVY
L

NOSVRY
ATIVE

daow ¥aTivd

(P,3U0Dd) SISXTYNY WSINVHOIW THNTIVI

*Z-T°0T IT9vl

10-12




*A3TTIQRTT

=32 Z0OJT ©3 %6°66

I® 931 pazynbaa ayl
opraczd o1 *proT 103
Po3cidp sjoilenbapr
‘sSutaveq 31joa3ay

*s3uracoq Airoeded
1331y 31joalay

*prol ac.od osouryreg
rurds Juyaroq 1d310ys
10 1jvys 1adaey as)

“9Fod d2Z1S puw
95UrI3TO3 1333131 as

SR CLEE
ITUOTSUAWIP 123130q
y3ipa Jriiaivw ds))

-9s73113dxa
Juyuryrca aaoadwy

csaarpadoad
“3+b Lirnr) Apoway

UOTIMAY ] o apyaoad
a3 pro;asud aziyran

()

®
(%

()

Q)
(®)

(e)

(c)

‘UOT3INQTIISTP
TInqIaM 9yl Jo Iwod3no
3371 moT ®» 57 Sujawaq
PaTTe] ~ A3TTIqEITaa
TUOFIETIVIE JO UOT]
-BUTW1219p J3wnbapoul

*dutawaq jo adtoyd
39doadut o3 anp pajed
-}273ue uByy aaydyy
YonW $3SSI13S 2319H

*{(proy avcad
03 anp) dujpuaq 3jeys

*3uinoead puw

dutiods *dadad juand
-3su0d yiia Sujaeaq
JO 3dex i13uul o3u0
ajeys jo 31j aadoadug

*210q Jupsnoy It ssau
~punoi-jo-3no 03 anp
Juawudttestu Jugavag

*$adupi1atol 3Jug
-snoy 13doaduy o3 anp
Juamudyrestw Juraeag

*(sa124>

Linp dois/3avas juanb
-213) uy Ararindjlicd)
ueyICa1a(adaT duy

-d0p T[Cq I BUIppIAS

“TTIN

“TIA

N

A

*$uo0tid9jiad
-W} Idejyansqns
4q pairyatuy
andjivy adej
-Ansqns 1ed1s
-SBTD :(51T%®q
LT S ELIETS

puv) sdevmadea

jo Jupiteds .ot

SK3INVID
=NIK

AATIVE AZ2IKI
LVNINITI o1 mod

S3ISAYD 37918504

NSINVHOIW JUNTIVY

ANVY
pict |

KOSVAY
YATIVL

JQON JYATIVE

(P,3U0d) SISATUNY WSINVHOIW THATIVI

'ZT-T'01 F1EVL

10-13




"SA0QE g ) W3 235 (e)

SJUT LRSI UOTIAdS
-ul tacd poysiury
3912 ~zou e asodu] (D)
s 72938 AsIiETnd
1~3%9q T I0R10s {Q)
TSTITPULIS 1023
-u02 ;7onb daoaduy
10 ‘o iddng poass
COo ~TIUTUEIR 1037
-uUoy £3:{Lnd oolojuy (©)

10213U0d A331EndD
12331335 @Isodur
s3° 7 139y uoil
~Jd0d DAT3IDATSS Aas] (Qq)
*1293s
Jo as1Tenb aaocaduy (e)

o
2

-s3ut
azvaS vorsidazd
TUT; dd2]ans

213330¢ *naads aaydyy
‘agny sneastA olow sy (@)

TOA0GT 1IT W[ 005 (r)

s {1031013)
1) snjpea
Dri 19T itus
ATaq azITYIIN (U)

aoydie 3

*$23v91oNU
Suytteds yosyym woay
‘yaed [1eq Ul SIuUdp

3ugsnuvd 10 3ujppoquy

UOTIdeI21UT A3jaad
-8D WOlJ STIQOP aevaM ‘¥

s (Guyriieds

-cid1w) s31d duysned
*odca Tirq jJo oowg

-30S I1IAm QUDPFOUTOD
SUOISNTOU} JI]]C3IdU=-UON

.
-t

(A37suap uolsnyouj
ydry) 1eIaw 107I3JuI *TA

*35TMI0Y10
ueyl aaydiy 203
-31943 d1® S§3SSa1ls
z11ay -owrdoa uor3ed
~7aqn] 91qLAOAL] uj

Sujpicaado jou Sugarvag °a

°JUDWUOITAUD

uotieaqia Jutanp

popuadxa 23717 ondi3e]
Jo uonT130d PAATSSIINY ‘AT

..zsqvnu 2ara allacy
03 @np s9ssIIS
2112y DATSSIING *IIT

*ondyairejy poavia

-juy 2ovjans

03 onp (s11%q

BOWY IDNOS

put) sdcaodorea
jo Yuyiteds - 11

TUN FEATIVL AZIRI
JALVNIRIIE Ol MOH

S$3SAVI ITHISSOd

HWSINVHOIH JHNTIVL

NRVY NOSVIY
prt JAATIVd

Fa0K INITIVS

(P,3U0D) SISXTUNV WSINVHIIW TIOTIIVI

*C'T°0T ITIEYL

10-14




cITOr) puo

YujITIC JicT mMOTIV
*8utaeaq 2dL3
39t3u0d arindue as)
*8utasaq

aprad uorsjoaad asp

*3utaeaq

YorT? 103 SSIUTT
~UE3TI 28 Juedtagrl
330735 A71e07d0OdS0IdFR
f30/pum ‘1031ddns
JUC33IGT T uUC SUOES
~3A01d ssouprutard
$N01dY¥31 duoT osodu]

“si3inidejnurw Jujaeaq
PUT 1010d LO SLOYS
-7A01d ssoutrucatrd

sro12313 ~sou asodwy

*sdutieoq

(9a7sudxa 2aom)
A371enb nUty purwag
*dansTow 1013V
A3jtendb 12337138 9s)

+3Jursnoy

1030w UT IJiplrdaq
/393771 Yurrress

-UT Aq Iras iutaqey
HOnOIYY 39310 nd1a10}
:0

*a

V2] JIAAL]

ATquanst o

SSAUT[UTO] Y dAcada]
TIUUATIART uA Toaluod
AITEPND 20tatass 9]

)
1)

(®)

(q)

(t)

(2
(=)

()
(Q)
(=)

*(30301 puv 3uisvd uIaml
=2q uoysuuvdx?a Tewidyl
1€73Ua13)37p 03
L1q1ssod anp) Sujieaq
?dA3 (pewauod) Lae
~Ulpao uo 3Isnayl y3iy g

*§5JUTTUERITD
uE3TIqnT o3enbaprul -3}

*ATquasse pur
ucticoyaqe] 3utanp
SSJUTTUCOTD djenbapeur -3

"SUOTITIIUBIUOD S$S5211§
3uisneo “smoxinj pue
S$3}237u - suoy3ldajiaday
3uysnoy pue 3ujpuian °-Aj

*Jugrteds saierajuy
a1 s ard 11rq ug
SUOTICIZUIDUOD SSaLISs
pue siuap duysned
JUBU WL IUOD JUEITAqRT "TI¥

*puvy adei uo
Ao%a3 ITeq 3O
udwyIvo1du3 g1

*3uedjaqny
pdiTuweIuo) 21

>

v ANATIVE HZIKI
LUAIT3 01 MOH

$3sSNVy 3731SS0d

WSINVIIDAW JHNTIVA

ANV
1

Nosvax
NANTIVA

JACK I¥ATIVE

(P,3UO0D) SISKTIUYNY WSINVHOIW JNTIVI

TTTCO0T FTYVL

10-15



“TSIOA ®

10ov30d TITG
12e1eA TTRqQ
1protaad as;

3

.»u,.—ﬁn oI Qul
21N 20 ‘zoieaedas
Su1pia adep1 23uul 03
90v1 29300 waaj aduryn
soduex

A3ITSIOSTIA I[YTIINS
3134 {31A 110 3s)
ruoraeiado

v ufpoapsiy oapya

-03d ©1 AJUTITI[D PUCT
2dvi/1c3Tiedas 3snipy
*i1cacavdas

1Tvq po3euldaudur
A«umsnuoaunwauu:

-leivardas
T1T5 poicubaaduy
110 snoixod 823113

-3ut
~UOTSUMIIP UT Si0da9
327110 rur sisAleur

ASTD IS30M W10J1ag
"uots

~urdxo co udInTygoed
{rEsay arqravd

L0 BITA RTINS
Marsnoy duravag asn

)

(P

(?)

()

(®)

(c)

(q)

(r)

*9oeja23uy
puc1-23wi1/103e1Edas

3T UOFITIFaAQNT 10
aduraead aienbapeuy

*uojleEdTIQNT 19%d0d
11eq/118q 93Tndapeul

*(%uyiesq jo uojiow
aatieTaz Sulidiaas
-91 ~ 2anieaadwal

m07 1e - Sujaeaq

pur Juisnoy usomiaq
S2DUD1NJIDIUT [CIpes
TCFIu232j31p 03 7
-yssod anp) sduta 3
od4A1 prauon *Lie
-ugpiao uo 3snayl ydyy

‘Tt

R3S

*K3711qE3S
~U} 22UIRIBY 4T

1
(3uo0d) puey 2dcra

to %OT"II TG
jo 3udwdroaduy ‘g1

10-16

SWITNAVTIOEN HUATTIVE 421K

ALVNIRITE OL MOl

$3SavD JTRISSO4

WS INVHOIW ¥ATIVE

ANV XOSVAY
134 ATV

ACoN 2¥

SaIvd

(p,3u0d)

SISATUYNY WSINVHOIW TANTIVI

*C¢T1°0T JT9VYL




*UOTISTPUOD
s1n3ciaduc: mol oyl

PIOAT 03 za3iToy v asn  (2)
Togqry
<113 Lap ot oduryd  (Q)
saaniniolnal Moy
I SNOJSTA s&a] puc *paied
JLITIDTJIN0D A3THOISTA -19J3uv ueyl 12p1Od
/93nIrada.o3 1omof S} JUdWUOITAUD *A3131s0353A
431 osedad ic 130 Isy  (e) dujieaado Tenidy %} Juedraqny y3dgy  cz
TI3ICI LOTITIOLTAI 13m07
43in asea1d 10 1j0 asny  (p)
‘130 3O prassug
LTITIGRT asvaad asn (9)
TILoWUOITALA paTLAS
Ul 2031c0: aed07  (Q)
"yiuTaqer 30 siros
13845 Y11~ payeos
L£1ie21392a° ) 1ay11d
10304 poITOS OS] (©) JuedTaQNY 312A JO $607T ‘T
*$2raY sosuerd ug (1e13aed
TITIQ (TUC 2zITTIN (9) 10 93971dwod)
*{siuvas uo3iIdTa} 30M04 )0 ssoq
15uus 1nds o garm) *s30e) dutaeaq
96T Tam o2 adurdy (q) -133uy dujacaq o3 onp *(sprayarold awos jo
coaqnr 13 Aap suoyIeITIqNR] Jo urited 1o ‘ $3sSOT 1203 3jouvid 1031 posn
SEATINUAY Maos ¢ oasy () wig) Lap popradag °} 1pom OAISSaIXy 1 Al DATSS20x] 6T) SONINVAE NIVId -Q
SHTSNYI Tivd AzZiNl SASNVI 37915S0d WSINVIHDIHW JUNTIVE | ANVYE NOSV3Y IACx J¥ATIVA
=NIW/L RITL OL Mol T4d JENTIVL

(P,3U0D) SISATVYNY

WSINVHOEW TANTIVA

*T°T 01 IIgvl

10-17




TABLE 10.3-1.

OPERATIONAL/NON-OPERATIONAL FAILURE

Environment
Non-operational
(overall)

Operational (air)
(ball)

Operational (air)
(roller/rod)

RATE RATIOS
9

(10"

14.48

3902.0

58137.0

10-18

)

OP/NON-OP
Ratio

2€9.47

4014.98




11.0 Regulators
This section contains reliability information and analysis

on requlators. Data for temperature and pressure requlators is

included.

11.1 Storage Reliability Analysis

11.1.1 Failure Mechanisms
Principal regqgulator failure mechanisms are summarized in

table 11.1-1.

11.1.2 Non-Operational Failure Rates
Non-operational failure rates for regulators are summarized

in Table 11.1-2.

TABLE 11.1-2. STORAGE FAILURE RATES - REGULATORS

Type A (x10”9)
Temperature 199,
Pressure 1330.
Combined (temp & press) 173.1

11.1.3 Non-Operational Failure Data

Non-operational data was collected from three programs.
Storage hours and number of failures for each are shown in table

11.1-3. -

TABLE 11.1-3. NON-OPERATIONAL RELIABILITY
DATA - REGULATORS

Type Storage Hours (106) Failures
Temperature 5.024 0
Pressure .37 1
Pressure .383 0

5.777 1

11-1
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11.2 Opecrational/Non-Operational Failure Rate Comparisouns

Table 11.2-1 precsents operational to non-operational
failure rate ratios tor the different operating environments.
For comparison purposes, the combined pressure and temperature
regulator failure rate is used since information on specific

type was not available in the operational data.

TABLE 11.2-1. OPERATIONAL/NON-OPERATIONAL FAILURE

RATE RATIOS
Environment A(10_9) Operational/Non-Opera-
tional Ratio
Non-operational 173.1 -
Operational, ground 393856.0 2275
Operational, air 367306.0 2122
Operational, heli- 126230.0 733

copter

11.3 Conclusions and Recommendations

11.3.1 Conclusions

The storage failure rate for the combined (temperature
and pressure) regulator types should be used for reliability
prediction as shown in Table 11.1-2, i.e., 173.1 failures
per billion part hours.

The specific regulator type could not be identified and
quality grades were not well defined. To determine the
specific regulator types and quality grades, extensive
searching through component specifications and drawings would
be required.

11.3.2 Recommendations
Record keeping for regulators on storage should be im-

proved, specifically the identification of gquality grades and

regulator descriptions.
Additional research and data collection should be per-

formed to attain a better definition of the data already on

hand.
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